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1. Introduction 

   Bone cement, primarily composed of PMMA, is a vital material in 

orthopedic surgery, known for its remarkable adhesive properties 

and mechanical strength [1]. PMMA is a synthetic polymer formed 

through the polymerization of methyl methacrylate (MMA) 

monomers. When mixed with a powdered component, it undergoes 

an exothermic reaction that results in a solid, durable material [2, 3]. 

This unique characteristic allows PMMA to bond effectively with 

bone tissue, making it an essential component in various surgical 

applications [4]. 

   It is predominantly used in joint replacement procedures, such as 

hip replacements and knee replacements, that PMMA-based bone 

cement is used [2]. Bone cement stabilizes prosthetic implants by 

creating a secure interface between them and the surrounding bone. 

The stability of the joint replacement is crucial to its longevity and 

functionality [5]. 

   Besides joint replacements, PMMA is used in minimally invasive 

procedures like vertebroplasty and kyphoplasty to restore structural 

integrity and alleviate pain in fractured vertebrae [6]. The versatility 

of PMMA extends to dental applications as well, where it is used for 

prosthetics and restorative treatments [7]. 

   While PMMA has proven to be effective in numerous applications, 

it is not without challenges. Its lack of bioactivity can lead to issues 

such as bacterial contamination and loosening over time [7]. 

Therefore, ongoing research aims to improve PMMA's performance 

in clinical settings by adding antibiotics or bioactive materials. 

 

2. Properties of PMMA 

2.1. Chemical and Mechanical Properties 

   PMMA exhibits a range of chemical and mechanical properties 

that make it suitable for various medical applications, particularly in 

bone cement formulations[7]. Chemically, PMMA is derived from 

the polymerization of methyl methacrylate (MMA) monomers, 

resulting in a thermoplastic polymer that is known for its clarity and 

resistance to UV light [8]. 

   Mechanically, PMMA bone cements demonstrate significant 

compressive strength, typically ranging from 70 to 100 MPa, which 

is essential for withstanding the forces exerted during daily activities 

[9]. The bending modulus of PMMA cements is also crucial, with a 

requirement of at least 1800 MPa for clinical applications [10]. This 

property indicates the material's ability to resist deformation under 

load. However, PMMA is relatively brittle compared to other 

materials, exhibiting lower tensile strength (approximately 25 MPa), 

which can lead to failure under tensile stress [11]. The exothermic 

nature of the polymerization process during cement application 

results in heat generation, which can influence the surrounding 

tissue if not managed properly [12]. 
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Table 1  

 PMMA Bone Cement Mechanical Properties [13]. 

 

   Furthermore, the mechanical properties of PMMA can be affected 

by additives such as antibiotics. For instance, Falagas et al. [14] 

reported that the addition of liquid antibiotics has been shown to 

reduce the compressive strength of PMMA due to interference with 

the polymerization process. PMMA bone cement's mechanical 

properties are summarized in the table  1. As well as being able to 

withstand the forces exerted by daily activities, a material's tensile 

strength indicates its ability to resist pulling forces. A material's 

bending modulus indicates its stiffness and resistance to 

deformation under bending loads. Also, the compressive strength is 

particularly important for withstanding daily forces, while the 

tensile strength indicates resistance to pulling forces. As a measure 

of the stiffness of a material and its ability to resist deformation 

under bending loads, the bending modulus is measured. [13]. 

2.2. Biocompatibility 

   Biocompatibility is a critical factor in the use of PMMA bone 

cement in clinical settings [1]. PMMA is generally considered 

biocompatible; however, its performance can vary based on its 

formulation and the specific application [15]. In vivo studies 

indicate that PMMA can absorb body fluids over time, leading to 

changes in its mechanical properties and elasticity [15]. This 

characteristic can be advantageous as it allows the cement to adapt 

somewhat to the surrounding biological environment [16, 17]. 

   The surface characteristics of PMMA also play a role in its 

biocompatibility. Modifications such as surface roughening or 

coating with bioactive materials can enhance cellular responses and 

promote osseointegration—the process by which bone grows onto 

the surface of an implant [18]. Research into incorporating calcium 

phosphate (CaP) into PMMA formulations shows promise in 

improving bone on  growth and enhancing overall biocompatibility 

[19]. 

   Despite its advantages, concerns remain regarding potential 

inflammatory responses due to wear debris or bacterial colonization 

around PMMA implants [22]. In order to enhance biocompatibility 

while maintaining mechanical stability, ongoing research aims to 

improve drug elution profiles and reduce infection rates in modified 

PMMA formulations. [5]. 

 

3. Clinical Applications of PMMA Bone Cement 

3.1. Orthopedic and Dental Uses 

   PMMA bone cement is extensively utilized in orthopedic surgery, 

particularly in joint arthroplasties such as hip and knee replacements 

[2]. Its primary function is to provide a stable fixation between the 

prosthesis and the surrounding bone, ensuring that the implant can 

withstand the mechanical loads experienced during movement [20]. 

The mechanical properties of PMMA, including its high 

compressive strength (approximately 114 MPa) and tensile strength 

(around 49 MPa), make it an ideal choice for these applications [21]. 

   In addition to joint replacements, PMMA is also employed in 

minimally invasive procedures like vertebroplasty and kyphoplasty. 

These techniques involve injecting PMMA into fractured vertebrae 

to stabilize them and alleviate pain, particularly in patients with 

osteoporotic fractures. Studies have shown significant pain relief 

following PMMA injection, with visual analog scale (VAS) scores 

dropping from an average of 8 preoperatively to around 2 within a 

week post-surgery. The rapid setting time and injectability of 

PMMA contribute to its effectiveness in these procedures. 

   In dentistry, PMMA bone cement finds application in various 

restorative procedures, including denture fabrication and dental 

implants. Its excellent adhesive properties allow for effective 

bonding with both natural tooth structure and dental prostheses. 

PMMA is often used to create temporary crowns and bridges due to 

its aesthetic qualities and ease of manipulation. Furthermore, 

modifications of PMMA, such as the incorporation of bioactive 

materials, enhance its performance in dental applications by 

promoting osseointegration around implants [1]. 

3.2. Role in Surgical Procedures 

   The role of PMMA bone cement extends beyond mere fixation; it 

also plays a critical part in enhancing surgical outcomes. In 

orthopedic surgeries, the use of antibiotic-loaded PMMA has been 

explored to reduce the risk of postoperative infections. This 

modification allows for the gradual release of antibiotics at the 

surgical site, which can be particularly beneficial in patients at 

higher risk for infections [22]. 

   Moreover, advancements in PMMA formulations aim to improve 

its biocompatibility and bioactivity [23]. Research into composite 

materials that combine PMMA with calcium phosphate or bioactive 

glass has shown promise in enhancing bone regeneration and 

integration at the cement-bone interface [1, 23]. These innovations 

not only improve the mechanical stability of the cement but also 

facilitate better healing outcomes for patients. 

 

4. Challenges and Advances 

4.1. Limitations and Complications 

   Despite the widespread use of PMMA bone cement in orthopedic 

and dental applications, several limitations and complications are 

associated with its use. One of the primary concerns is 

biomechanical mismatch; PMMA has different mechanical 

properties compared to natural bone, leading to potential issues such 

as fatigue fractures or loosening of the implant over time [24]. The 

stiffness of PMMA can hinder proper load transfer, which may result 

in osteolysis and aseptic loosening around the implant site [25]. 

   Another significant challenge is the exothermic polymerization 

reaction that occurs when PMMA is mixed and applied [15]. This 

reaction generates heat, which can cause thermal damage to 

surrounding tissues, potentially leading to complications such as 

Property Value (MPa) 

Compressive Strength 70 - 100 

Tensile Strength  25 - 40 

Bending Modulus  1800 - 2000 
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Fig. 1. Types of Recent Innovations in PMMA. 

 

local tissue necrosis or even systemic effects like bone cement 

implantation syndrome (BCIS), characterized by hypoxia and 

hypotension [26]. Additionally, there is a risk of bacterial 

contamination; PMMA does not inherently possess antimicrobial 

properties, making it susceptible to infections at the cement-bone 

interface [2]. 

   Other complications include allergic reactions to the components 

of PMMA, leakage of cement into surrounding tissues, and potential 

systemic toxicity from monomer release during polymerization [2]. 

These challenges necessitate careful consideration when selecting 

PMMA for clinical applications, particularly in vulnerable 

populations such as children, whose growing bones may be 

adversely affected by rigid materials [27]. As shown in table 2, 

PMMA bone cement is associated with a number of complications. 

Researchers and surgeons seeking to improve PMMA formulations 

and application techniques must understand these risks [4]. 

Table 2 

Frequency of Complications Associated with PMMA Use [13]. 

 

4.2. Recent Innovations 

   In response to the limitations associated with traditional PMMA 

bone cements, recent innovations have focused on enhancing both 

the mechanical properties and biocompatibility of these materials 

[24]. One promising approach involves the development of 

antibiotic-loaded PMMA cements, which aim to reduce infection 

rates during surgical procedures. While the efficacy of these 

formulations is still debated, they represent a significant 

advancement in addressing one of the major complications 

associated with PMMA use[28]. 

   Researchers are also exploring additives that can improve the 

performance of PMMA cements [29]. For instance, incorporating 

bioactive materials such as calcium phosphate or glassy carbon has 

shown potential in enhancing osseointegration and reducing 

polymerization temperature, thereby minimizing thermal damage 

during application [30]. These modifications not only aim to 

improve the mechanical strength of PMMA but also enhance its 

biological interactions with surrounding tissues [15]. 

   Additionally, advancements in smart biomaterials are being 

investigated. These materials can respond dynamically to 

physiological conditions, potentially releasing therapeutic agents in 

response to infection or inflammation [31]. Such innovations could 

significantly improve patient outcomes by addressing complications 

associated with traditional PMMA cements [2]. PMMA bone 

cement innovations are shown in Fig. 1, along with descriptions of 

their benefits. The information is visually organized to demonstrate 

how each innovation addresses PMMA's limitations. 

 

Conclusion 

   PMMA bone cement has established itself as a fundamental 

component in orthopedic and dental surgeries, offering essential 

benefits such as mechanical stability and ease of application. 

However, its use is accompanied by several challenges, including 

biomechanical mismatches, thermal complications during 

polymerization, and susceptibility to infections. Addressing these 

issues is crucial for enhancing the long-term success of surgical 

interventions involving PMMA.  Despite its advantages, the 

limitations associated with PMMA such as its brittleness, potential 

for thermal damage, and lack of inherent antimicrobial properties 

highlight the need for continued innovation in this field. Looking 

ahead, future directions in PMMA research should focus on 

developing modified formulations that enhance both mechanical 

properties and biocompatibility. Innovations such as antibiotic-

loaded cements, bioactive additives, and smart biomaterials 

represent promising avenues for improving patient outcomes and 

reducing complications. For understanding the implications of 

PMMA in young populations and those with compromised bone 

Complication Frequency 

Thermal Damage 1-5% 

Infection 1-3% 

Aseptic Loosening 5-10% 
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integrity, further studies on its long-term effects on bone health are 

needed.  As the field evolves, interdisciplinary collaboration 

between materials scientists, orthopedic surgeons, and biomedical 

engineers will be essential to drive advancements that ensure 

PMMA remains a safe and effective choice for surgical applications. 

By addressing current limitations and embracing new technologies, 

the future of PMMA bone cement looks promising, with the 

potential to significantly enhance surgical success rates and patient 

quality of life. 

 

Authors’ contribution 

Ali Shirbacheh: Conceptualization, Writing—Original Draft 

Preparation, Writing—Review and Editin, Kamran Shirbache: 

Investigation, Writing—Original Draft Preparation, Writing—

Review and Editing 

 

 

Declaration of competing interest 

There are no known competing financial interests or personal 

relationships that could have influenced the authors' work. 

 

 

Data availability 

The article describes no data used in the research. 

 

Funding 

None . 

 

References     

 

[1] F. Ghasemi, A. Jahani, A. Moradi, M.H. Ebrahimzadeh, N. Jirofti, 

Different Modification Methods of Poly Methyl Methacrylate (PMMA) Bone 

Cement for Orthopedic Surgery Applications, Arch Bone Jt Surg 11(8) (2023) 

485-492 DOI: 10.22038/abjs.2023.71289.3330. 

[2] A. Bistolfi, R. Ferracini, C. Albanese, E. Vernè, M. Miola, PMMA-Based 

Bone Cements and the Problem of Joint Arthroplasty Infections: Status and 

New Perspectives, Materials (Basel) 12(23) (2019)  DOI: 

10.3390/ma12234002. 

[3] M. Arora, E.K. Chan, S. Gupta, A.D. Diwan, Polymethylmethacrylate 

bone cements and additives: A review of the literature, World J Orthop 4(2) 

(2013) 67-74 DOI: 10.5312/wjo.v4.i2.67. 

[4] A. Kumar, R. Ghosh, Fracture Toughness of Acrylic PMMA Bone Cement: 

A Mini-Review, Indian J Orthop 55(5) (2021) 1208-1214 DOI: 

10.1007/s43465-021-00495-2. 

[5] F.F. Buechel, M.J. Pappas, Principles of human joint replacement: design 

and clinical application, Springer2015. 

[6] P. Choryłek, Vertebroplasty and kyphoplasty-advantages and 

disadvantages used bone cement of PMMA, Journal of Achievements in 

Materials and Manufacturing Engineering 92(1-2) (2019) 36-49. 

[7] S.M. Pituru, M. Greabu, A. Totan, M. Imre, M. Pantea, T. Spinu, A.M.C. 

Tancu, N.O. Popoviciu, I.-I. Stanescu, E. Ionescu, A review on the 

biocompatibility of PMMA-based dental materials for interim prosthetic 

restorations with a glimpse into their modern manufacturing techniques, 

Materials 13(13) (2020) 2894. 

[8] U. Ali, K.J.B.A. Karim, N.A. Buang, A review of the properties and 

applications of poly (methyl methacrylate)(PMMA), Polymer Reviews 55(4) 

(2015) 678-705. 

[9] S. Aghyarian, Development and characterization of bioactive bone 

cements for the treatment of vertebral compression fractures, The University 

of Texas at Dallas2016. 

[10] G. Lewis, Properties of nanofiller‐loaded poly (methyl methacrylate) 

bone cement composites for orthopedic applications: a review, Journal of 

Biomedical Materials Research Part B: Applied Biomaterials 105(5) (2017) 

1260-1284. 

[11] Z. Tang, K. Fujimoto, S. Okazaki, A comparison of the brittle PMMA 

with the ductile PC on the elasticity and yielding from a molecular dynamics 

perspective, Polymer 226 (2021) 123809. 

[12] F. Ozdemir, Magnetic polymethylmethacrylate cements for hyperthermic 

cancer treatment, Newcastle University, 2020. 

[13] K.-D. Kühn, Bone cements: up-to-date comparison of physical and 

chemical properties of commercial materials, Springer Science & Business 

Media2012. 

[14] M. Falagas, P. Thomaidis, I. Kotsantis, K. Sgouros, G. Samonis, D. 

Karageorgopoulos, Airborne hydrogen peroxide for disinfection of the 

hospital environment and infection control: a systematic review, Journal of 

Hospital Infection 78(3) (2011) 171-177. 

[15] M.S. Zafar, Prosthodontic applications of polymethyl methacrylate 

(PMMA): An update, Polymers 12(10) (2020) 2299. 

[16] M. Nodehi, T. Ozbakkaloglu, A. Gholampour, A systematic review of 

bacteria-based self-healing concrete: Biomineralization, mechanical, and 

durability properties, Journal of Building Engineering 49 (2022) 104038. 

[17] K. Shirbache, H. Nematian, M.H. Nabian, Regenerative medicine owes 

to microsurgery, Laboratory Animal Research 39(1) (2023) 6 DOI: 

10.1186/s42826-023-00158-3. 

[18] G. Zhu, G. Wang, J.J. Li, Advances in implant surface modifications to 

improve osseointegration, Materials Advances 2(21) (2021) 6901-6927. 

[19] D.K. Mills, The role of polymer additives in enhancing the response of 

calcium phosphate cement, Orthopedic Biomaterials: Progress in Biology, 

Manufacturing, and Industry Perspectives  (2018) 345-379. 

[20] A. Thesleff, R. Brånemark, B. Håkansson, M. Ortiz-Catalan, 

Biomechanical characterisation of bone-anchored implant systems for 

amputation limb prostheses: a systematic review, Annals of biomedical 

engineering 46 (2018) 377-391. 

[21] Q. Wang, J.F. Dong, X. Fang, Y. Chen, Application and modification of 

bone cement in vertebroplasty: A literature review, Jt Dis Relat Surg 33(2) 

(2022) 467-478 DOI: 10.52312/jdrs.2022.628. 

[22] S.P. von Hertzberg-Boelch, M. Luedemann, M. Rudert, A.F. Steinert, 

PMMA Bone Cement: Antibiotic Elution and Mechanical Properties in the 

Context of Clinical Use, Biomedicines 10(8) (2022) 1830. 

[23] H. Nematian, K. Shirbache, Z. Vahdati, N. Milan, L.O. Zanjani, M. 

Firouzi, K. Shirbacheh, M.H. Nabian, Regenerative Medicine in 

Orthopaedics: Microsurgery Achievements for Translational Animal Model, 

Open Journal of Regenerative Medicine 12(2) (2023) 21-35. 

[24] S. Soleymani Eil Bakhtiari, H.R. Bakhsheshi‐Rad, S. Karbasi, M. 

Tavakoli, S.A. Hassanzadeh Tabrizi, A.F. Ismail, A. Seifalian, S. 

RamaKrishna, F. Berto, Poly (methyl methacrylate) bone cement, its rise, 

growth, downfall and future, Polymer International 70(9) (2021) 1182-1201. 

[25] L. Hasandoost, O. Rodriguez, A. Alhalawani, P. Zalzal, E.H. Schemitsch, 

S.D. Waldman, M. Papini, M.R. Towler, The role of poly (methyl 

methacrylate) in management of bone loss and infection in revision total knee 

arthroplasty: A review, Journal of Functional Biomaterials 11(2) (2020) 25. 

[26] F. Olsen, Orthogeriatric anaesthesia-studies on the bone cement 

implantation syndrome, risk prediction and intraoperative haemodynamics, 

2021. 

[27] I.O. Oladele, L.N. Onuh, N.I. Agbeboh, D.D. Alewi, S.S. Lephuthing, 

The relationship and functional links between human age, growth, and 

biomedical implants: A review on the application of bulk and nanomaterials, 

Nano select 4(7) (2023) 419-441. 

[28] A. Bistolfi, R. Ferracini, C. Albanese, E. Vernè, M. Miola, PMMA-based 

bone cements and the problem of joint arthroplasty infections: status and new 

perspectives, Materials 12(23) (2019) 4002. 

[29] Y. Gong, B. Zhang, L. Yan, A preliminary review of modified polymethyl 

methacrylate and calcium-based bone cement for improving properties in 

osteoporotic vertebral compression fractures, Frontiers in Materials 9 (2022) 

912713. 

[30] M. Furko, K. Balázsi, C. Balázsi, Calcium phosphate loaded biopolymer 

composites—a comprehensive review on the most recent progress and 

promising trends, Coatings 13(2) (2023) 360. 

[31] H. Wei, J. Cui, K. Lin, J. Xie, X. Wang, Recent advances in smart stimuli-

responsive biomaterials for bone therapeutics and regeneration, Bone research 

10(1) (2022) 17. 

 

https://doi.org/10.22038/ABJS.2023.71289.3330
https://doi.org/10.22038/ABJS.2023.71289.3330
https://doi.org/10.22038/ABJS.2023.71289.3330
https://doi.org/10.22038/ABJS.2023.71289.3330
https://doi.org/10.3390/ma12234002
https://doi.org/10.3390/ma12234002
https://doi.org/10.3390/ma12234002
https://doi.org/10.3390/ma12234002
https://doi.org/10.5312/wjo.v4.i2.67
https://doi.org/10.5312/wjo.v4.i2.67
https://doi.org/10.5312/wjo.v4.i2.67
https://doi.org/10.1007/s43465-021-00495-2
https://doi.org/10.1007/s43465-021-00495-2
https://doi.org/10.1007/s43465-021-00495-2
https://books.google.com/books?hl=en&lr=&id=PAgyBwAAQBAJ&oi=fnd&pg=PR6&dq=%5B5%5D+F.F.+Buechel,+M.J.+Pappas,+Principles+of+human+joint+replacement:+design+and+clinical+application,+Springer2015.&ots=hmxpKtftj_&sig=iGva2PP9q1AByEIdPiJ5JVn8cHI#v=onepage&q&f=false
https://books.google.com/books?hl=en&lr=&id=PAgyBwAAQBAJ&oi=fnd&pg=PR6&dq=%5B5%5D+F.F.+Buechel,+M.J.+Pappas,+Principles+of+human+joint+replacement:+design+and+clinical+application,+Springer2015.&ots=hmxpKtftj_&sig=iGva2PP9q1AByEIdPiJ5JVn8cHI#v=onepage&q&f=false
https://doi.org/10.5604/01.3001.0013.3186
https://doi.org/10.5604/01.3001.0013.3186
https://doi.org/10.5604/01.3001.0013.3186
https://doi.org/10.5604/01.3001.0013.3186
https://doi.org/10.3390/ma13132894
https://doi.org/10.3390/ma13132894
https://doi.org/10.3390/ma13132894
https://doi.org/10.3390/ma13132894
https://doi.org/10.3390/ma13132894
https://doi.org/10.1080/15583724.2015.1031377
https://doi.org/10.1080/15583724.2015.1031377
https://doi.org/10.1080/15583724.2015.1031377
https://www.proquest.com/openview/e384ce488d0147be11c9381d7ad49840/1?pq-origsite=gscholar&cbl=18750
https://www.proquest.com/openview/e384ce488d0147be11c9381d7ad49840/1?pq-origsite=gscholar&cbl=18750
https://www.proquest.com/openview/e384ce488d0147be11c9381d7ad49840/1?pq-origsite=gscholar&cbl=18750
https://doi.org/10.1002/jbm.b.33643
https://doi.org/10.1002/jbm.b.33643
https://doi.org/10.1002/jbm.b.33643
https://doi.org/10.1002/jbm.b.33643
https://doi.org/10.1016/j.polymer.2021.123809
https://doi.org/10.1016/j.polymer.2021.123809
https://doi.org/10.1016/j.polymer.2021.123809
https://theses.ncl.ac.uk/jspui/handle/10443/4952
https://theses.ncl.ac.uk/jspui/handle/10443/4952
https://books.google.com/books?hl=en&lr=&id=lV3wCAAAQBAJ&oi=fnd&pg=PA1&dq=%5B13%5D+K.-D.+K%C3%BChn,+Bone+cements:+up-to-date+comparison+of+physical+and+chemical+properties+of+commercial+materials,+Springer+Science+%26+Business+Media2012.&ots=U8HEnii5M_&sig=k6C4KvB6gcBTkgiinGiJH2TssHU#v=onepage&q&f=false
https://books.google.com/books?hl=en&lr=&id=lV3wCAAAQBAJ&oi=fnd&pg=PA1&dq=%5B13%5D+K.-D.+K%C3%BChn,+Bone+cements:+up-to-date+comparison+of+physical+and+chemical+properties+of+commercial+materials,+Springer+Science+%26+Business+Media2012.&ots=U8HEnii5M_&sig=k6C4KvB6gcBTkgiinGiJH2TssHU#v=onepage&q&f=false
https://books.google.com/books?hl=en&lr=&id=lV3wCAAAQBAJ&oi=fnd&pg=PA1&dq=%5B13%5D+K.-D.+K%C3%BChn,+Bone+cements:+up-to-date+comparison+of+physical+and+chemical+properties+of+commercial+materials,+Springer+Science+%26+Business+Media2012.&ots=U8HEnii5M_&sig=k6C4KvB6gcBTkgiinGiJH2TssHU#v=onepage&q&f=false
https://doi.org/10.1016/j.jhin.2010.12.006
https://doi.org/10.1016/j.jhin.2010.12.006
https://doi.org/10.1016/j.jhin.2010.12.006
https://doi.org/10.1016/j.jhin.2010.12.006
https://doi.org/10.3390/polym12102299
https://doi.org/10.3390/polym12102299
https://doi.org/10.1016/j.jobe.2022.104038
https://doi.org/10.1016/j.jobe.2022.104038
https://doi.org/10.1016/j.jobe.2022.104038
https://doi.org/10.1186/s42826-023-00158-3
https://doi.org/10.1186/s42826-023-00158-3
https://doi.org/10.1186/s42826-023-00158-3
https://doi.org/10.1039/D1MA00675D
https://doi.org/10.1039/D1MA00675D
https://doi.org/10.1007/978-3-319-89542-0_14
https://doi.org/10.1007/978-3-319-89542-0_14
https://doi.org/10.1007/978-3-319-89542-0_14
https://doi.org/10.1007/s10439-017-1976-4
https://doi.org/10.1007/s10439-017-1976-4
https://doi.org/10.1007/s10439-017-1976-4
https://doi.org/10.1007/s10439-017-1976-4
https://doi.org/10.52312/jdrs.2022.628
https://doi.org/10.52312/jdrs.2022.628
https://doi.org/10.52312/jdrs.2022.628
https://doi.org/10.3390/biomedicines10081830
https://doi.org/10.3390/biomedicines10081830
https://doi.org/10.3390/biomedicines10081830
https://doi.org/10.4236/ojrm.2023.122002
https://doi.org/10.4236/ojrm.2023.122002
https://doi.org/10.4236/ojrm.2023.122002
https://doi.org/10.4236/ojrm.2023.122002
https://doi.org/10.1002/pi.6136
https://doi.org/10.1002/pi.6136
https://doi.org/10.1002/pi.6136
https://doi.org/10.1002/pi.6136
https://doi.org/10.3390/jfb11020025
https://doi.org/10.3390/jfb11020025
https://doi.org/10.3390/jfb11020025
https://doi.org/10.3390/jfb11020025
https://gupea.ub.gu.se/handle/2077/68066
https://gupea.ub.gu.se/handle/2077/68066
https://gupea.ub.gu.se/handle/2077/68066
https://doi.org/10.1002/nano.202300055
https://doi.org/10.1002/nano.202300055
https://doi.org/10.1002/nano.202300055
https://doi.org/10.1002/nano.202300055
https://doi.org/10.3390/ma12234002
https://doi.org/10.3390/ma12234002
https://doi.org/10.3390/ma12234002
https://doi.org/10.3389/fmats.2022.912713
https://doi.org/10.3389/fmats.2022.912713
https://doi.org/10.3389/fmats.2022.912713
https://doi.org/10.3389/fmats.2022.912713
https://doi.org/10.3390/coatings13020360
https://doi.org/10.3390/coatings13020360
https://doi.org/10.3390/coatings13020360
https://doi.org/10.1038/s41413-021-00180-y
https://doi.org/10.1038/s41413-021-00180-y
https://doi.org/10.1038/s41413-021-00180-y

