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INTRODUCTION

The field of regenerative dentistry is undergoing a profound transformation with the
introduction and rapid advancement of biomaterials, reshaping the possibilities for dental
tissue repair and regeneration. These cutting-edge materials are engineered to interact
harmoniously with biological systems, opening new avenues for restoring essential dental
structures such as bone, periodontal tissues, and soft tissues. These structures are critical for
maintaining oral health, functionality, and aesthetics, making their effective regeneration a
core priority in modern dentistry.**! Biomaterials used in regenerative dentistry span a
diverse range, including bioactive ceramics, polymers, and composite materials, each
uniquely suited to address different aspects of tissue repair.”® These materials' high
biocompatibility and biodegradability enable them to interact seamlessly with the body’s
natural processes. Their ability to support and stimulate cellular responses such as
proliferation, migration, and differentiation also enables enhanced tissue regeneration.
Bioactive ceramics, for instance, can induce osteogenesis (bone formation) by providing a
conducive environment for bone tissue growth, while biodegradable polymers allow precise
control over degradation rates to match tissue healing timelines.'**) Composite biomaterials,
which combine properties of different materials, offer versatile solutions tailored to meet
complex regenerative requirements. Recent developments have also seen the integration of
bioengineered scaffolds, growth factors, and stem cell technology into biomaterial-based
therapies, resulting in more robust approaches to dental tissue engineering.**" Scaffolds
designed to mimic the native extracellular matrix (ECM) provide essential structural support,
facilitating cell attachment, proliferation, and differentiation. These scaffolds are often
combined with bioactive growth factors that stimulate tissue-specific cellular responses,
accelerating the healing process.™®22 Stem cells further amplify the regenerative potential, as
they can differentiate into various types of dental cells needed for complex tissue structures,
such as enamel, dentin, and periodontal ligaments. Together, these technologies not only
improve functional outcomes but also allow for aesthetically pleasing restorations, which are
increasingly in demand.[??" Despite significant strides, several challenges impede the full
clinical integration of biomaterials in dental regeneration. Effective integration with native
tissues remains a considerable hurdle; biomaterials must not only support healing but also
form robust, long-lasting bonds with surrounding tissues. Additionally, some biomaterials

may evoke immunogenic responses, triggering an immune reaction that can compromise the
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effectiveness of the regenerative process.?®" The long-term clinical efficacy of biomaterials
is another critical concern, especially given the demanding environment of the oral cavity,
where restorative materials must withstand continuous mechanical forces, fluctuating pH
levels, and exposure to bacteria.®?®! To overcome these limitations, researchers are
employing a variety of strategies to enhance biomaterial performance. Surface modifications,
such as incorporating biomimetic coatings or modifying surface topography, improve tissue
attachment and reduce immunogenicity. Embedding bioactive molecules or peptides into the
biomaterial can further promote tissue healing and integration by encouraging cell
recruitment and differentiation.%%5%! personalized approaches are also gaining momentum,
where patient-specific scaffolds are fabricated using 3D printing and other precision
engineering techniques, creating structures that better replicate the individual’s dental

anatomy and align with their unique biological responses.! "]

This review provides a comprehensive exploration of current advancements in biomaterials
for regenerative dentistry, discussing the innovative designs and strategies that are pushing
the field forward. It highlights both the transformative potential and the challenges that lie
ahead, focusing on solutions to improve the functionality, longevity, and compatibility of
biomaterials for dental applications. The future of regenerative dentistry will be driven by
optimizing biomaterial properties and leveraging new technologies to deliver highly
personalized, effective treatments that restore not only the structure but also the function and
aesthetics of dental tissues. This continual evolution in biomaterial science holds the promise
of greatly improving clinical outcomes and patient quality of life in dental regenerative

therapies.

Types of Biomaterials in Dental Regeneration
In regenerative dentistry, biomaterials play a vital role in the repair and regeneration of dental

tissues (Table. 1, Figure 1).

1. Ceramic Biomaterials

Ceramic biomaterials are among the most commonly used due to their bioactivity,
biocompatibility, and mechanical strength, making them ideal for applications that require
durability and aesthetics. Examples include hydroxyapatite (HA), which closely resembles
the mineral component of bone and is often used in bone grafts and dental implants. Calcium
phosphate cements (CPC) are another example, used for their bioactivity and

osteoconductivity in bone tissue engineering. Zirconia, known for its high strength and
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aesthetic appeal, is frequently used in dental crowns and implants.?4¢!

2. Polymeric Biomaterials

Polymeric biomaterials are favored for their flexibility, processability, and adaptability to
various functions, making them well-suited for applications requiring a softer material.
Examples include polylactic acid (PLA) and polyglycolic acid (PGA), both commonly used
in scaffolds for tissue regeneration as they naturally degrade in the body. Poly(methyl
methacrylate) (PMMA) is utilized in dental prosthetics and as a bone cement in implants,
while chitosan, a natural polymer, is used in periodontal treatments for its antimicrobial
properties and biocompatibility.[**%%

3. Metallic Biomaterials

Metallic biomaterials are essential in dentistry for load-bearing applications due to their
strength and durability. Titanium and its alloys are highly biocompatible and corrosion-
resistant, making them ideal for dental implants. Cobalt-chromium alloys are valued for their
durability and are used in partial dentures and frameworks. Stainless steel is commonly used
in orthodontic wires and brackets due to its strength and resistance to wear.**%%!

4. Composite Biomaterials

Composite biomaterials combine two or more material types to harness the advantages of
each, offering strength, bioactivity, and aesthetic appeal. Resin-based composites are widely
used for tooth-colored fillings due to their strength and visual appeal. Glass ionomer cements,
known for their fluoride-releasing properties, are used in dental restorations to aid in tooth
adhesion. Fiber-reinforced composites, employed in bridges and prosthetic frameworks, offer
improved mechanical properties for structural applications.>" !

5. Biodegradable Biomaterials

Biodegradable biomaterials are designed to break down in the body over time, making them
ideal for temporary structures that support tissue regeneration and healing. Collagen, for
example, is frequently used as a scaffold in periodontal regeneration to support cell growth
and tissue repair. Gelatin is applied in dental surgeries as a hemostatic agent and in scaffolds
within tissue engineering applications. Polydioxanone (PDO) is used in suture materials and

scaffolds due to its predictable degradation rate.[**®]
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6. Bioactive Glasses

Bioactive glasses encourage bone regeneration by releasing ions that stimulate bone
formation and integrate well with bone tissue. An example is 45S5 Bioglass, which is often
used as a bone graft substitute, forming a bond with natural bone to promote growth. Silicate-
based glasses are used in dental fillers and coatings to enhance bone adhesion, improving

implant success.!*” "

7. Natural Biomaterials

Natural biomaterials, derived from biological sources, are used in applications requiring high
biocompatibility and bioactivity. Alginate, extracted from seaweed, is used as a scaffold in
dental and periodontal regeneration. Silk fibroin is employed in tissue engineering, especially
for guided tissue regeneration, due to its excellent biocompatibility. Hyaluronic acid, known
for its wound-healing properties, is used in periodontal therapy and as a filler material. Each
of these biomaterials plays a distinct role in supporting regenerative processes in dentistry,
facilitating the repair, replacement, and regeneration of damaged tissues.!”*27274

Table 1: Types of Biomaterials in Dental Regeneration.

Type of I .
Biomaterial Applications Examples Properties References
. Hydroxyapatite (HA), Bioactivity,
Ceramic t[))(;er?éalr;r?tglants, Calcium Phosphate biocompatibility, [44-48]
g Cement (CPC), Zirconia | mechanical strength
Polylactic Acid (PLA),
Dental prosthetics, | Polyglycolic Acid (PGA), | Flexibility,
Polymeric tissue regeneration | Poly(methyl processability, [49-62]
scaffolds methacrylate) (PMMA), | biodegradability
Chitosan
Dental implants -
. ’ Titanium, Cobalt- -
Metallic prosthetic Chromium Alloys, Strength, durability, [53-56]
frameworks, . corrosion resistance
S Stainless Steel
orthodontic wires
Dental fillings, Resm-_based composites, Strength, bioactivity,
: structural Glass ionomer cements, . . [57-61]
Composite : : ) adhesion, fluoride
scaffolds, bridges | Fiber-reinforced
. . release
and prosthetics composites
Tissue . -
Biodegradable regeneration Collagen, Gelatin, Brlg\(/jv?ﬁr:l? abtlnlrltty{igsetljle [62-66]
g scaffolds, Polydioxanone (PDO) grow pRot,
) . repair
periodontal repair
Bioactive Bone grafts, dental | 45S5 Bioglass, Silicate- Bone grpwth_ [67-71]
. stimulation, improved
Glasses fillers based glasses !
bone adhesion
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Figure 1: Types of Biomaterials.

Traditional Challenges in Dental Regeneration
The application of biomaterials in dental regeneration has provided solutions to traditional
challenges in tissue regeneration within dentistry. In the past, efforts to regenerate dental and

bone tissues faced limitations and complexities, which presented specific challenges.

1. Lack of Proper Biocompatibility and Scaffolding

Traditional materials often lacked compatibility with dental tissues, leading to inflammation
and immune responses that reduced the success of treatments. Many traditional materials
were unable to provide a scaffold or framework that allowed for effective cell growth and
proliferation, making tissue regeneration difficult.!”>"®

2. Insufficient Resistance to Infection

Due to the high bacterial presence in the mouth, traditional materials could not fully prevent

bacterial growth, which led to infections and compromised the regenerated tissue.!”!

3. Lack of Stem Cell Activation

Older methods could not stimulate stem cells and promote cellular differentiation to form
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new tissue, which is essential for targeted and precise regeneration.[’8"!

How Biomaterials Address These Challenges

1. High Biocompatibility

Modern biomaterials, such as hydroxyapatite and bioactive glass, exhibit high
biocompatibility, which prevents immune reactions and facilitates better acceptance in dental
and bone tissues. This high biocompatibility enables regeneration to proceed without adverse

reactions.[80-84

2. Providing Structural Framework for Tissue Growth
Biomaterials like bioceramics and collagen provide a structure similar to the extracellular
matrix, allowing cells to easily attach, proliferate, and ultimately create new tissue. This

supports the growth and regeneration of dental and bone structures.®*"]

3. Antibacterial Properties

Some modern biomaterials include nanoparticles of metals like silver and zinc, which have
antibacterial properties. This helps prevent infections at the repair site and inhibits bacterial
growth, preserving the newly formed tissue.!®*"!

4. Stimulating Stem Cells and Cellular Differentiation

Certain modern biomaterials can stimulate stem cells to differentiate into specialized dental
cells, such as odontoblasts and osteoblasts. This capability helps in the creation of healthy

new dental tissues, which is essential for effective and precise regeneration.[**!

CONCLUSION

The application of biomaterials in dental regeneration has significantly transformed
approaches to oral health and dental treatment. Biomaterials, through their biocompatibility
and regenerative capabilities, support the natural healing of dental tissues and reduce the
reliance on traditional restorative methods. These materials, especially bioactive ceramics,
polymers, and nanocomposites, have shown promising results in facilitating tissue
regeneration, enhancing cellular growth, and supporting the restoration of both hard and soft
dental tissues. The integration of advanced biomaterials in dental applications continues to
address challenges like infection control, biocompatibility, and long-term durability,

contributing to more effective, minimally invasive, and patient-centered treatment modalities.
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Future Perspectives

In the future, research and development in biomaterial applications in dental regeneration will
likely emphasize personalized, patient-specific treatment options. The use of smart
biomaterials that respond dynamically to the oral environment holds immense potential.
Additionally, advancements in nanotechnology, bioengineering, and 3D printing are expected
to enable the creation of highly precise, customized implants and scaffolds that closely mimic
the natural dental tissue structure. Incorporating bioactive molecules such as growth factors,
peptides, and gene therapy into biomaterial scaffolds could further enhance regenerative
outcomes. The ongoing exploration of sustainable and biodegradable materials will also play
a key role in reducing environmental impacts. Ultimately, the future of dental biomaterials
lies in interdisciplinary collaboration, where innovations in materials science, biology, and

clinical practice converge to advance regenerative dentistry and improve patient outcomes.

Author Contributions

Conceptualization, Adriana PetraSova and Elham Saberian; methodology, Andrej Jenca and
Janka Jencova; validation, Andrej Jenca and Adriana PetraSova; formal analysis, Elham
Saberian; investigation and resources, Adriana PetraSova; data curation, Andrej Jenc¢a and
Adriana Petrasova; writing—original draft preparation, Elham Saberian; writing—review and
editing, Andrej Jenca and Janka Jencova; visualization, Adriana PetraSova; supervision,
Andrej Jenca; project administration, Adriana PetraSova. All authors have read and agreed to

the published version of the manuscript.

Funding

This research received no external funding.

Institutional Review Board Statement

Not applicable.

Ethics approval
Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

All data supporting the reported results can be found in this article.

www.wipr.net | Vol 13, Issue 22,2024. |  1SO 9001:2015 Certified Journal | 1227



Jenca et al. World Journal of Pharmaceutical Research

Acknowledgments

Not applicable.

Conflicts of Interest

The authors declare no conflict of interest.

REFERENCES

1.

Zhang, K., Wang, S., Zhou, C., Cheng, L., Gao, X., Xie, X., Sun, J., Wang, H., Weir, M.,
Reynolds, M., Zhang, N., Bai, Y., & Xu, H. Advanced smart biomaterials and constructs
for hard tissue engineering and regeneration. Bone Research, 2018; 6.
https://doi.org/10.1038/s41413-018-0032-9.

Wrzyszcz-Kowalczyk, A., Dobrzynski, M., Grzesiak-Gasek, I., Zakrzewski, W., Mysiak-
Debska, M., Nowak, P., Zimolag, M., & Wiglusz, R. Application of Selected
Biomaterials and Stem Cells in the Regeneration of Hard Dental Tissue in Paediatric
Dentistry—Based on the  Current  Literature. Nanomaterials, = 2021; 11.
https://doi.org/10.3390/nan011123374.

Yuan, Z., Nie, H., Wang, S., Lee, C., Li, A, Fu, S., Zhou, H., Chen, L., & Mao, J.
Biomaterial selection for tooth regeneration.. Tissue engineering. Part B, Reviews, 2011;
17(5): 373-88. https://doi.org/10.1089/ten. TEB.2011.0041.

Kargozar, S., Milan, P., Baino, F., & Mozafari, M. Nanoengineered biomaterials for
bone/dental regeneration. Nanoengineered Biomaterials for Regenerative Medicine, 2019.
https://doi.org/10.1016/B978-0-12-813355-2.00002-8.

Chatzistavrou, X., Fenno, J., Faulk, D., Badylak, S., Kasuga, T., Boccaccini, A., &
Papagerakis, P. Fabrication and characterization of bioactive and antibacterial composites
for  dental applications.  Acta  biomaterialia,  2014;  10(8):  3723-32.
https://doi.org/10.1016/j.actbio.2014.04.030.

Dahiya, M., Tomer, V., & Duhan, S. Bioactive glass/glass ceramics for dental
applications. Applications of Nanocomposite Materials in  Dentistry, 20109.
https://doi.org/10.1016/B978-0-12-813742-0.00001-8.

Srinivasan, S., Jayasree, R., Chennazhi, K., Nair, S., & Jayakumar, R. Biocompatible
alginate/nano bioactive glass ceramic composite scaffolds for periodontal tissue
regeneration.. Carbohydrate polymers, 2012; 87(1): 274-283.
https://doi.org/10.1016/J.CARBPOL.2011.07.058.

Lai, W., Oka, K., & Jung, H. Advanced functional polymers for regenerative and

www.wipr.net | Vol 13, Issue 22,2024. |  1SO 9001:2015 Certified Journal | 1228


https://doi.org/10.1038/s41413-018-0032-9

Jenca et al. World Journal of Pharmaceutical Research

10.

11.

12.

13.

14.

15.

16.

17.

therapeutic dentistry.. Oral diseases, 2015; 21(5): 550-7.
https://doi.org/10.1111/0di.12281.

Boccaccini, A., & Blaker, J. Bioactive composite materials for tissue engineering
scaffolds. Expert  Review  of  Medical Devices,  2005; 2:  303-317.
https://doi.org/10.1586/17434440.2.3.303.

Wang C, Lin K, Chang J, Sun J. Osteogenesis and angiogenesis induced by porous [3-
CaSiO(3)/PDLGA composite scaffold via activation of AMPK/ERK1/2 and PI3K/Akt
pathways. Biomaterials, 2013; 34(1): 64-77.

Liu T, Ding X, Lai D, Chen YJ, Zhang R, Chen J, et al. Enhancing in vitro bioactivity and
in vivo osteogenesis of organic-inorganic nanofibrous biocomposites with novel
bioceramics. J Mater Chem B., 2014; 2(37): 6293-305.

Zhang, H., Wei, Q., Ji, R., Xie, E., Sun, A., Xiao, B., Huang, C., Ma, S., Wei, J., Yang,
X., Xu, S., & Niu, Y. Biodegradable composites of poly(propylene carbonate) mixed with
silicon nitride for osteogenic activity of adipose-derived stem cells and repair of bone
defects.. Journal of materials chemistry. B., 2023. https://doi.org/10.1039/d3tb000171.
Galler, K., D'Souza, R., Hartgerink, J., & Schmalz, G. Scaffolds for Dental Pulp Tissue
Engineering. Advances in Dental Research, 2011; 23: 333-339.
https://doi.org/10.1177/0022034511405326.

Pilipchuk, S., Plonka, A., Monje, A., Taut, A., Lanis, A., Kang, B., & Giannobile, W.
Tissue engineering for bone regeneration and osseointegration in the oral cavity. Dental
materials : official publication of the Academy of Dental Materials, 2015; 31(4): 317-38.
https://doi.org/10.1016/j.dental.2015.01.006.

Kwon, D., Kwon, J., Park, S., Park, J., Jang, S., Yin, X., Yun, J., Kim, J., Min, B, Lee, J.,
Kim, W., & Kim, M. A computer-designed scaffold for bone regeneration within cranial
defect wusing human dental pulp stem cells. Scientific Reports, 2015; 5.
https://doi.org/10.1038/srep12721.

Vagropoulou, G., Trentsiou, M., Georgopoulou, A., Papachristou, E., Prymak, O., Kritis,
A., Epple, M., Chatzinikolaidou, M., Bakopoulou, A., & Kaoidis, P. Hybrid
chitosan/gelatin/nanohydroxyapatite scaffolds promote odontogenic differentiation of
dental pulp stem cells and in vitro biomineralization.. Dental materials: official
publication of the Academy of Dental Materials, 2020.
https://doi.org/10.1016/j.dental.2020.09.021.

Oliveira, N., Salles, T., Pedroni, A., Miguita, L., d’Avila, M., Marques, M., & Deboni, M.

Osteogenic potential of human dental pulp stem cells cultured onto poly-e-

www.wipr.net | Vol 13, Issue 22,2024. |  1SO 9001:2015 Certified Journal | 1229



Jenca et al. World Journal of Pharmaceutical Research

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.
28.

29.

caprolactone/poly (rotaxane) scaffolds. Dental materials: official publication of the
Academy of Dental Materials, 2019. https://doi.org/10.1016/j.dental.2019.08.109.
Ravindran S, Gao Q, Kotecha M, Magin R, Karol S, Bedran-Russo A, George A.
Biomimetic extracellular matrix-incorporated scaffold induces osteogenic gene
expression in human marrow stromal cells. Tissue Eng Part A., 2012; 18(3-4): 295-309.
Jiang Y, Li Y, LiJ, Han Y, Zhang P, Yi Z, Ke Q, Xu H. A Mussel-Inspired Extracellular
Matrix-Mimicking Composite Scaffold for Diabetic Wound Healing. ACS Appl Bio
Mater., 2020; 3(7): 4052-61.

Pham QP, Kasper FK, Baggett LS, Raphael RM, Jansen JA, Mikos AG. The influence of
an in vitro generated bone-like extracellular matrix on osteoblastic gene expression of
marrow stromal cells. Biomaterials, 2008; 29(18): 2729-309.

Xu P, Kankala RK, Wang S, Chen A. Decellularized extracellular matrix-based
composite scaffolds for tissue engineering and regenerative medicine. Regener Biomater,
2023.

Yang Q, Teng B, Wang L, Li K, Xu C, Ma X, Zhang Y, Kong D, Wang L, Zhao Y. Silk
fibroin/cartilage extracellular matrix scaffolds with sequential delivery of TGF-B3 for
chondrogenic differentiation of adipose-derived stem cells. Int J Nanomedicine, 2017; 12:
6721-33.

Kim BC, Bae H, Kwon I, Lee EJ, Park JH, Khademhosseini A, et al.
Osteoblastic/cementoblastic and neural differentiation of dental stem cells and their
applications to tissue engineering and regenerative medicine. Tissue Eng Part B Rev.,
2012; 18(3): 235-44.

Feng R, Lengner C. Application of Stem Cell Technology in Dental Regenerative
Medicine. Adv Wound Care (New Rochelle), 2013; 2(6): 296-305.

Jamal M, Chogle S, Goodis H, Karam S. Dental Stem Cells and Their Potential Role in
Regenerative Medicine. HAMDAN MED J., 2011; 4: 53-61.

Trubiani O, Orsini G, Zini N, Di lorio D, Piccirilli M, Piattelli A, Caputi S. Regenerative
potential of human periodontal ligament derived stem cells on three-dimensional
biomaterials: a morphological report. J Biomed Mater Res A., 2008; 87(4): 986-93.
Naghavi N. Tooth Regeneration with Stem Cell Sources. Int J Pediatr, 2014; 2: 37-37.
Vishwakarma A, Bhise NS, Evangelista MB, Rouwkema J, Dokmeci M, Ghaemmaghami
A, Vrana N, Khademhosseini A. Engineering Immunomodulatory Biomaterials To Tune
the Inflammatory Response. Trends Biotechnol, 2016; 34(6): 470-82.

Gulati K, Ivanovski S. Dental implants modified with drug releasing titania nanotubes:

www.wipr.net | Vol 13, Issue 22,2024. |  1SO 9001:2015 Certified Journal | 1230



Jenca et al. World Journal of Pharmaceutical Research

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

therapeutic potential and developmental challenges. Expert Opin Drug Deliv, 2017; 14:
1009-24.

Yu Y, Wu R, Yin Y, Chen F. Directing immunomodulation using biomaterials for
endogenous regeneration. J Mater Chem B., 2016; 4(4): 569-84.

Cao Y, Song M, Kim E, Shon W, Chugal N, Bogen G, Lin L, Kim R, Park N, Kang MK.
Pulp-dentin Regeneration. J Dent Res., 2015; 94: 1544-51.

Hild N, Tawakoli PN, Halter JG, Sauer B, Buchalla W, Stark W, Mohn D. pH-dependent
antibacterial effects on oral microorganisms through pure PLGA implants and composites
with nanosized bioactive glass. Acta Biomater, 2013; 9(11): 9118-25.

Namba N, Yoshida Y, Nagaoka N, Takashima S, Matsuura-Yoshimoto K, Maeda H, et al.
Antibacterial effect of bactericide immobilized in resin matrix. Dent Mater, 2009; 25(4):
424-30.

@ilo M, Bakken V. Biofilm and Dental Biomaterials. Materials, 2015; 8: 2887-2900.
Gosau M, Hahnel S, Schwarz F, Gerlach T, Reichert T, Birgers R. Effect of six different
peri-implantitis disinfection methods on in vivo human oral biofilm. Clin Oral Implants
Res., 2010; 21(8): 866-72.

Batool F, Ozcelik H, Stutz C, Gegout P-Y, Benkirane-Jessel N, Petit C, Huck O.
Modulation of immune-inflammatory responses through surface modifications of
biomaterials to promote bone healing and regeneration. J Tissue Eng., 2021; 12.

Petrie T, Raynor JE, Reyes CD, Burns KL, Collard D, Garcia AJ. The effect of integrin-
specific bioactive coatings on tissue healing and implant osseointegration. Biomaterials,
2008; 29(19): 2849-57.

Reyes CD, Petrie T, Burns KL, Schwartz Z, Garcia AJ. Biomolecular surface coating to
enhance orthopedic tissue healing and integration. Biomaterials, 2007; 28(21): 3228-35.
Tian Z, Zhu Y, Li X, Liu X, Yeung K, Wu S, Wang X, Cui Z, Yang XJ, Chu PK. Surface
functionalization of biomaterials by radical polymerization. Prog Mater Sci., 2016; 83:
191-235.

Yu N, Nguyen T, Cho YD, Kavanagh NM, Ghassib I, Giannobile W. Personalized
scaffolding technologies for alveolar bone regenerative medicine. Orthod Craniofac Res.,
2019; 22(1): 69-75.

Huang Y, Zhang Z, Bi F, Tang H, Chen J, Huo F, et al. Personalized 3D-Printed
Scaffolds with Multiple Bioactivities for Bioroot Regeneration. Adv Healthc Mater, 2023;
12.

Mohd N, Razali M, Fauzi MB, Abu Kasim NH. In Vitro and In Vivo Biological

www.wipr.net | Vol 13, Issue 22,2024. |  1SO 9001:2015 Certified Journal | 1231



Jenca et al. World Journal of Pharmaceutical Research

43.

44,

45.

46.

471.

48.

49,

50.

51.

52.

53.

54,

Assessments of 3D-Bioprinted Scaffolds for Dental Applications. Int J Mol Sci., 2023;
24.

Cao S, Han J, Sharma N, Msallem B, Jeong W, Son J, et al. In Vitro Mechanical and
Biological Properties of 3D Printed Polymer Composite and B-Tricalcium Phosphate
Scaffold on Human Dental Pulp Stem Cells. Materials, 2020; 13.

Li B, Xu G, Wang B, Huang J, Engqvist H, Xia W, Fu L. Fabrication and characterization
of bioactive zirconia-based nanocrystalline glass-ceramics for dental abutment. Ceram
Int., 2021; 47: 26877-90.

Sivaperumal VR, Mani R, Polisetti V, Aruchamy K, Oh T. Synthesis of Hydroxyapatite
(HAp)-Zirconia Nanocomposite Powder and Evaluation of Its Biocompatibility: An In
Vitro Study. Appl Sci., 2022.

Pardun K, Treccani L, Volkmann E, Li Destri G, Marletta G, Streckbein P, Heiss C,
Rezwan K. Characterization of wet powder-sprayed zirconia/calcium phosphate coating
for dental implants. Clin Implant Dent Relat Res., 2015; 17(1): 186-98.

Oliveira IR, Andrade T, Araujo KCML, Luz A, Pandolfelli V. Hydroxyapatite synthesis
and the benefits of its blend with calcium aluminate cement. Ceram Int., 2016; 42: 2542-
49.

Lacefield WR. Materials Characteristics of Uncoated/Ceramic-Coated Implant
Materials.Adv Dent Res., 1999; 13: 21-26.

Sun X, Xu C, Wu G, Ye Q, Wang C. Poly(Lactic-co-Glycolic Acid): Applications and
Future Prospects for Periodontal Tissue Regeneration. Polymers, 2017; 9(6): 189.
Lauritano D, Limongelli L, Moreo G, Favia G, Carinci F. Nanomaterials for Periodontal
Tissue Engineering: Chitosan-Based Scaffolds. A Systematic Review. Nanomaterials,
2020; 10(4): 605.

He J, Hu X, Cao J, Zhang Y, Xiao J, Peng L, Chen D, Xiong C, Zhang L. Chitosan-
coated hydroxyapatite and drug-loaded polytrimethylene carbonate/polylactic acid
scaffold for enhancing bone regeneration. Carbohydrate Polymers, 2021; 253: 117198.
Wu DT, Munguia-Lopez JG, Cho YW, Ma X, Song V, Zhu Z, Tran S. Polymeric
Scaffolds for Dental, Oral, and Craniofacial Regenerative Medicine. Molecules, 2021; 26:
7043.

Arango S, Pelaez-Vargas A, Garcia C. Coating and Surface Treatments on Orthodontic
Metallic Materials. THE Coatings, 2012; 3(1): 1-15.

Oliver JN, Su Y, Lu X, Kuo P-H, Du J, Zhu D. Bioactive glass coatings on metallic

implants for biomedical applications. Bioactive Materials, 2019; 4: 261-70.

www.wipr.net | Vol 13, Issue 22,2024. |  1SO 9001:2015 Certified Journal | 1232



Jenca et al. World Journal of Pharmaceutical Research

55. Munir K, Biesiekierski A, Wen C, Li Y. Surface modifications of metallic biomaterials.
Elsevier, 2020; 387-424.

56. Oldani C, Dominguez A. Titanium as a Biomaterial for Implants. InTech., 2012.

57. Varley D, Yousaf S, Youseffi M, Mozafari M, Khurshid Z, Sefat F. Fiber-reinforced
composites. Advanced Dental Biomaterials, 2019.

58. Jovanovic M, Zivic M, Milosavljevic M. A Potential Application of Materials Based on a
Polymer and CAD/CAM Composite Resins in Prosthetic Dentistry. Journal of
Prosthodontic Research, 2020.

59. Almuhaiza M. Glass-ionomer Cements in Restorative Dentistry: A Critical Appraisal.
The Journal of Contemporary Dental Practice, 2016; 17(4): 331-6.

60. Vallittu P. Composite Biomaterials: From Lab to Clinics. In: Advanced Biomaterials,
2018; 43-58.

61. Croll T, Berg J, Donly K. Dental repair material: a resin-modified glass-ionomer
bioactive ionic resin-based composite. Compendium of Continuing Education in
Dentistry, 2015; 36(1): 60-5.

62. Kong P, Liu X, Li Z, Wang J, Gao R, Feng S, et al. Biodegradable Cardiac Occluder with
Surface Modification by Gelatin-Peptide Conjugate to Promote Endogenous Tissue
Regeneration. Advanced Science, 2023.

63. Veeruraj A, Liu L, Zheng J, Wu J, Muthuvel A. Evaluation of astaxanthin incorporated
collagen film developed from the outer skin waste of squid Doryteuthis singhalensis for
wound healing and tissue regenerative applications. Materials Science & Engineering C.,
2019; 95: 29-42.

64. Rajewska J, Kowalski J, Matys J, Dobrzynski M, Wiglusz R. The Use of Lactide
Polymers in Bone Tissue Regeneration in Dentistry—A Systematic Review. Journal of
Functional Biomaterials, 2023; 14:

65. Quirino LC, Carvalho PH de A, Neto RT, Comachio CA, Monteiro NG, Ervolino-Silva
AC, et al. Polydioxanone Membrane Compared with Collagen Membrane for Bone
Regeneration. Polymers, 2023; 15.

66. Samiei M, Alipour M, Khezri K, Rahbar Saadat Y, Forouhandeh H, Dalir Abdolahinia E,
et al. Application of collagen and mesenchymal stem cells in regenerative dentistry.
Current Stem Cell Research & Therapy, 2021.

67. Nommeots-Nomm A, Labbaf S, Devlin A, Todd NM, Geng H, Solanki A, et al. Highly
degradable porous melt-derived bioactive glass foam scaffolds for bone regeneration.
Acta Biomater, 2017; 57: 449-461.

www.wipr.net | Vol 13, Issue 22,2024. |  1SO 9001:2015 Certified Journal | 1233



Jenca et al. World Journal of Pharmaceutical Research

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Al-Harbi N, Mohammed H, Al-Hadeethi Y, Bakry A, Umar A, Hussein M, et al. Silica-
Based Bioactive Glasses and Their Applications in Hard Tissue Regeneration: A Review.
Pharmaceuticals, 2021; 14.

de Souza LD, Lopes JH, Ferreira FV, Martin RA, Bertran C, Camilli J. Evaluation of
effectiveness of 45S5 bioglass doped with niobium for repairing critical-sized bone defect
in in vitro and in vivo models. J Biomed Mater Res A., 20109.

Jones JR. Review of bioactive glass: from Hench to hybrids. Acta Biomater, 2013; 9(1):
4457-4486.

Bosetti M, Zanardi L, Hench L, Cannas M. Type | collagen production by osteoblast-like
cells cultured in contact with different bioactive glasses. J Biomed Mater Res A., 2003;
64(1): 189-195.

Prasathkumar M, Sadhasivam S. Chitosan/Hyaluronic acid/Alginate and an assorted
polymers loaded with honey, plant, and marine compounds for progressive wound
healing-Know-how. Int J Biol Macromol, 2021.

Yan S, Wang Q, Tarig Z, You R, Li X, Li M, Zhang Q. Facile preparation of bioactive
silk fibroin/hyaluronic acid hydrogels. Int J Biol Macromol, 2018; 118 Pt A: 775-782.
Ramakrishnan R, Chouhan D, Sreelatha HV, Arumugam S, Mandal B, Krishnan L. Silk
Fibroin-Based Bioengineered Scaffold for Enabling Hemostasis and Skin Regeneration of
Critical-Size Full-Thickness Heat-Induced Burn Wounds. ACS Biomater Sci Eng, 2022.
Schmalz, G., & Smith, A. (2014). Pulp development, repair, and regeneration: challenges
of the transition from traditional dentistry to biologically based therapies.. Journal of
endodontics, 2021; 40(4): S2-5. https://doi.org/10.1016/j.joen.2014.01.018.

Xie, Z., Shen, Z., Zhan, P., Yang, J., Huang, Q., Huang, S., Chen, L., & Lin, Z
Functional Dental Pulp  Regeneration: Basic Research and  Clinical
Translation. International Journal of  Molecular  Sciences, 2021; 22.
https://doi.org/10.3390/ijms22168991.

Kim S. Applications of biomaterials in preventing bacterial infections in dentistry. Clin
Oral Investig, 2020; 24(2): 793-801.

Jung C, Kim S, Sun T, Cho Y, Song M. Pulp-dentin regeneration: current approaches and
challenges. J Tissue Eng., 2019; 10.

Sugiaman V, Djuanda R, Pranata N, Naliani S, Demolsky WL, Jeffrey. Tissue
engineering with stem cells from human exfoliated deciduous teeth (SHED) and collagen
matrix, regulated by growth factors in regenerating the dental pulp. Polymers, 2022; 14.
Bi L, Jung SB, Day D, Neidig K, Dusevich V, Eick D, et al. Evaluation of bone

www.wipr.net | Vol 13, Issue 22,2024. |  1SO 9001:2015 Certified Journal | 1234



Jenca et al. World Journal of Pharmaceutical Research

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

regeneration, angiogenesis, and hydroxyapatite conversion in critical-sized rat calvarial
defects implanted with bioactive glass scaffolds. J Biomed Mater Res Part A., 2012;
100(12): 3267-75.

Bellucci D, Sola A, Anesi A, Salvatori R, Chiarini L, Cannillo V. Bioactive
glass/hydroxyapatite composites: mechanical properties and biological evaluation. Mater
Sci Eng C Mater Biol Appl., 2015; 51: 196-205.

Bi L, Rahaman M, Day D, Brown Z, Samujh C, Liu X, et al. Effect of bioactive borate
glass microstructure on bone regeneration, angiogenesis, and hydroxyapatite conversion
in a rat calvarial defect model. Acta Biomater, 2013; 9(8): 8015-26.

Allo B, Rizkalla A, Mequanint K. Hydroxyapatite formation on sol-gel derived poly(e-
caprolactone)/bioactive glass hybrid biomaterials. ACS Appl Mater Interfaces, 2012;
4(6): 3148-56.

Mishra R, Basu B, Kumar A. Physical and cytocompatibility properties of bioactive
glass—polyvinyl alcohol-sodium alginate biocomposite foams prepared via sol-gel
processing for trabecular bone regeneration. J Mater Sci Mater Med., 2009; 20: 2493-500.
Kim W, Jang C, Kim G. Optimally designed collagen/polycaprolactone biocomposites
supplemented with controlled release of HA/TCP/rhBMP-2 and HA/TCP/PRP for hard
tissue regeneration. Mater Sci Eng C Mater Biol Appl., 2017; 78: 763-72.

el-Ghannam A. Bone reconstruction: from bioceramics to tissue engineering. Expert Rev
Med Devices, 2005; 2(1): 87-101.

Wahl D, Czernuszka J. Collagen-hydroxyapatite composites for hard tissue repair. Eur
Cells Mater, 2006; 11: 43-56.

Li M, Hu M, Zeng H, Yang B, Zhang Y, Li Z, Lu L, Ming Y. Multifunctional Zinc
Oxide/Silver Bimetallic Nanomaterial-Loaded Nanofibers for Enhanced Tissue
Regeneration and Wound Healing. J Biomed Nanotechnol, 2021; 17(9): 1840-1849.
Pajares-Chamorro N, Wagley Y, Maduka CV, Youngstrom D, Yeger A, Badylak S,
Hammer ND, Hankenson K, Chatzistavrou X. Silver-doped bioactive glass particles for in
vivo bone tissue regeneration and enhanced methicillin-resistant Staphylococcus aureus
(MRSA) inhibition. Mater Sci Eng C Mater Biol Appl., 2020; 120: 111693.

Grenho L, Salgado C, Fernandes M, Monteiro F, Ferraz M. Antibacterial activity and
biocompatibility of three-dimensional nanostructured porous granules of hydroxyapatite
and zinc oxide nanoparticles—an in vitro and in vivo study. Nanotechnology, 2015; 26.
Zawadzka-Knefel A, Rusak A, Mrozowska M, et al. Chitin scaffolds derived from the

marine demosponge Aplysina fistularis stimulate the differentiation of dental pulp stem

www.wipr.net | Vol 13, Issue 22,2024. |  1SO 9001:2015 Certified Journal | 1235



Jenca et al. World Journal of Pharmaceutical Research

cells. Front Bioeng Biotechnol, 2023; 11. doi: 10.3389/fbioe.2023.1254506.

92. Wang J, Zhang H, Zhang W, et al. Bone morphogenetic protein-9 effectively induces
osteo/odontoblastic differentiation of the reversibly immortalized stem cells of dental
apical papilla. Stem Cells Dev., 2014; 23(12): 1405-16. doi: 10.1089/scd.2013.0580.

93. Zhang H, Wang J, Deng F, et al. Canonical Wnt signaling acts synergistically on BMP9-
induced osteo/odontoblastic differentiation of stem cells of dental apical papilla (SCAPS).
Biomaterials, 2015; 39: 145-54. doi: [10.1016/j.biomaterials.2014.11.007]

www.wipr.net | Vol 13, Issue 22,2024. |  1SO 9001:2015 Certified Journal | 1236


https://consensus.app/papers/chitin-scaffolds-derived-demosponge-aplysina-fistularis-zawadzkaknefel/06d7a0a0ca59541f8ab0c8c53636c392/?utm_source=chatgpt
https://consensus.app/papers/bone-protein9-effectively-induces-differentiation-wang/0ea1de4321f0591ab6d127f05457b639/?utm_source=chatgpt

