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Abstract  

Titanium dental implants integrate directly with surrounding bone, a phenomenon known as 

osseointegration. Unlike natural teeth supported by periodontal ligaments (PDL), osseointegrated 

implants have weaker mechanical barriers against bacterial infiltration, heightened inflammation, 

reduced blood flow, and limited proprioception. Current methods to regenerate peri-implant 

ligaments involve costly, invasive, and time-intensive procedures.  

Polydopamine (PDA) is a biocompatible polymer known for its excellent adhesive properties. 

Periodontal ligament fibroblasts (PDLFs) play a pivotal role in periodontal tissue maintenance. 

Recent evidence suggests fibroblasts can induce a cementogenic phenotype by altering titanium 

surface topography and depositing cementum-like tissue. 

This study investigates PDA's efficacy in immobilizing ECM produced by PDLFs on titanium, 

hypothesizing enhanced cementogenesis on PDA-coated titanium surfaces. We assessed ECM 

immobilization efficiency, optimized decellularization protocols to retain ECM, and evaluated 

PDLF differentiation into a cementogenic phenotype. PDLFs cultured on PDA-coated titanium 

underwent decellularization after 10 days, followed by recellularization for 14 days. Cell 

interactions and gene expression were assessed using immunofluorescence microscopy, scanning 

electron microscopy (SEM), and RT-qPCR. 

Results demonstrated increased cell numbers on PDA-coated surfaces without affecting 

attachment or proliferation. Decellularization effectively removed cellular material, preserving 

key ECM proteins like Collagen I and CEMP-1. Gene expression analysis revealed significant 

upregulation of cementogenic markers (CP23, CAP, CEMP1, BSP) and downregulation of 

osteogenic markers (ALP, SOST), especially prominent on PDA-ECM surfaces. 
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Our findings support that PDA-ECM-coated titanium surfaces promote cementogenic 

differentiation of PDLFs, potentially enabling peri-implant cementum-like tissue formation and 

periodontal ligament regeneration.  
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1. Introduction 

1.1 Background 

The use of titanium alloys in orthopedics and dentistry dates back 7-decades to 1952. The 

orthopedic surgeon, Dr. Per-Ingvar Branemark, inserted titanium chambers into the tibia of 

rabbits. While his intention was to assess the microcirculation in bone tissue, he discovered that 

titanium had made direct contact with the bone. In 1977, Branemark referred to this phenomenon 

as osseointegration1,2. The “direct structural and functional connection between ordered, living 

bone and the surface of a load-carrying implant at the microscopic level”, or osseointegration, 

became the foundational concept in the design and study of the use of titanium in dentistry. 

Titanium gained popularity following the definition of osseointegration. The Toronto conference 

on Osseointegration in Clinical Dentistry was the turning point in the use of titanium in dentistry 

as it established the first guidelines for successful implantology. This led to the first significant 

spike in dental literature in the early 1980’s and 1990s. Researchers raced to further study 

titanium and find ways to understand and develop better interactions between titanium and the 

body. 

Titanium is a chemical element (Ti) with an atomic number 22 and can be abundantly found in 

nature. However, the cost of extraction and processing of pure titanium is complex and 

expensive. Titanium is lightweight, has excellent physical properties, and is biocompatible3. In 

its pure form, titanium is available in grades I, II, III and IV depending on its purity rate and 

oxygen content. It is also available as a titanium-aluminum-vanadium alloy (Ti-6Al-4V), or 

grade V titanium which has improved mechanical properties. The most widely used titanium 
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grades are grades IV and V for their high purity and superior mechanical properties compared to 

grades. Upon exposure to air or moisture, a passive, 5-10 nm thick oxide layer forms on the 

surface of titanium (TiO2). This layer acts as a barrier that prevents further oxidation of the 

metal4. Corrosion-resistance is especially important for implantable devices as they are 

constantly exposed to moisture from blood and saliva5. By preventing the release of metal ions, it 

also plays a crucial role in preventing adverse tissue reactions 6. Additionally, the presence of 

TiO2 on the surface of titanium improves wettability, and cell adhesion and attachment7.  

Titanium oxide surfaces aid in protein denaturation. This mechanism is found to positively 

contribute to osseointegration8. 

While titanium is biocompatible, its bio-inertness meant that it does not chemically bond with 

the surrounding connective tissues or bone. To improve osseointegration, researchers resorted to 

modifying the titanium surface texture via sandblasting and acid-etching9, and chemistry by 

coating titanium with various coatings designed to aid in better cell attachment and bone 

healing10.  

Early implants often had machined surfaces which exhibit much lower surface roughness 

compared to the later introduced sand-blasted surfaces. Altering the surface roughness of 

titanium via air-blasting with aluminum oxide particles renders the surface of titanium micro-

rough with Sa values ranging between 1 and 3 um 7,9. In numerous studies, it was found that 

sandblasted surfaces promote cellular attachment and the expression of osteogenic markers, 

effectively promoting osseointegration11. Rougher surfaces also have more surface area, which 

allow for better bone-implant contact and in-turn aiding in the mechanical interlocking of the 

titanium implant with the surrounding bone. This helps in the initial stability and promote 

healing in the early phases12. Conformational changes in the cellular cytoskeleton play a 
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significant role in cellular mechanisms. This is directly affected by the surface on which the cells 

are adhering to13. While rough surfaces (Sa > 3 um) provide more surface area, they can 

negatively impact cell attachment. High-peaks and low-valleys in the rough titanium surface 

limit the cell’s ability to spread and conform to the surface. Moderately rough surfaces (Sa 1-2 

um) provide higher surface charge density and electric field strength, which increases the 

integrin clustering and cell adhesion13. On smooth surfaces (Sa <1 um), such as the early 

machined surface, the adhered cells are flat and planar as opposed to rougher surfaces where 

cells can adopt more dynamic shapes. The change in the cytoskeleton can improve the cells’ 

ability to interact with the surrounding environment by applying stress on the F-actin fibers, 

exposing different ion channels14.  

Despite their clinical success and widespread adoption, fundamental biological differences 

between dental implants and natural teeth create unique challenges that influence long-term 

outcomes and susceptibility to complications. These disparities stem from variations in 

anatomical structure, tissue-material interfaces, immune responses, and biomechanical 

properties, all of which contribute to the distinctive pathological processes observed in peri-

implant tissues compared to those in natural dentition. 

The most significant anatomical distinction between natural teeth and dental implants lies in their 

attachment mechanism to the surrounding alveolar bone. Natural teeth are anchored via the 

periodontal ligament (PDL), a specialized connective tissue that occupies the 0.15-0.38 mm 

space between the root cementum and alveolar bone15. This complex structure contains diverse 

cell populations, including stem cells, fibroblasts, osteoblasts, cementoblasts, and immune cells, 

embedded within a network of collagen fibers. The PDL serves multiple critical functions: it 

provides viscoelastic cushioning during mastication16, enables proprioceptive feedback through 
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mechanoreceptors17, facilitates physiological tooth movement, and maintains tissue homeostasis 

through constant remodeling18. In contrast, dental implants integrate with bone through 

osseointegration19. This rigid bone-implant interface lacks the intermediate PDL space and its 

associated cellular components, creating a fundamentally different biological environment. The 

absence of the PDL eliminates the natural shock-absorbing mechanism, proprioceptive feedback, 

and regenerative capacity that characterize natural teeth20. The gingival attachment to implants 

also differs substantially from that of natural teeth. In natural dentition, gingival fibers (primarily 

collagen type I and III) insert perpendicularly into the cementum of the tooth root, forming a 

robust connective tissue attachment that resists apical migration of epithelium and bacterial 

invasion21. These perpendicular fiber bundles, including dentogingival, dentoperiosteal, and 

transseptal fibers, create a three-dimensional network that stabilizes the gingiva and provides a 

resilient barrier against microbial infiltration21,22. By contrast, the peri-implant soft tissue 

attachment consists of parallel collagen fibers that run circumferentially around the implant 

without inserting into its surface21,23. This arrangement creates a weaker mechanical barrier that 

is more susceptible to disruption by inflammatory processes or mechanical stress24. The lack of 

cementum on implant surfaces further prevents the development of functional fiber attachment, 

resulting in a less dynamic interface between the implant and surrounding tissues. 

Peri-implant tissues exhibit reduced vascularization, particularly at the bone-implant interface 

where blood supply is limited by the absence of a PDL space25,26. This reduced vascularity 

impairs nutrient delivery, oxygen diffusion, and the recruitment of immune cells to sites of 

infection or injury. Consequently, peri-implant tissues demonstrate altered immune homeostasis 

characterized by compromised pathogen clearance and prolonged inflammatory responses. 
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Immunologically, peri-implant tissues show a distinct profile compared to periodontal tissues. 

Studies have demonstrated that peri-implantitis lesions contain higher proportions of pro-

inflammatory macrophages (M1 phenotype) and fewer regulatory T cells than periodontitis 

lesions, indicating a more aggressive inflammatory response 27. This dysregulated immune 

environment promotes bone resorption through enhanced production of pro-inflammatory 

cytokines (IL-1β, TNF-α, IL-6) and osteoclastogenic factors (RANKL). Additionally, titanium 

implants may release microparticles and ions through mechanical wear and corrosion, triggering 

foreign body reactions that exacerbate inflammation28. These particles can be phagocytosed by 

macrophages, inducing the release of pro-inflammatory mediators and reactive oxygen species 

that contribute to tissue destruction. Such foreign body-induced inflammation has no counterpart 

in natural teeth and represents a unique challenge in implant dentistry. 

The interaction between oral microbiota and dental surfaces plays a crucial role in both 

periodontal and peri-implant health. Natural teeth possess several features that modulate bacterial 

colonization and invasion. The cementum surface contains bioactive molecules that regulate 

microbial attachment, and cementoblasts continuously produce antimicrobial peptides that help 

control biofilm formation29. The PDL’s cellular components actively participate in pathogen 

recognition and clearance, providing an additional layer of defense against microbial challenges. 

Dental implants lack these biological defense mechanisms, creating an environment more 

conducive to pathogenic bacterial colonization25–27. The titanium surface properties, including 

roughness, wettability, and chemical composition, influence bacterial adhesion and biofilm 

formation in ways distinct from natural tooth surfaces30. Studies have shown that while the initial 

colonizers of implant surfaces may be similar to those on teeth, the maturation of peri-implant 

biofilms often favors more virulent microbial communities21,25,27. The microbiome associated 
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with peri-implantitis demonstrates greater diversity and pathogenicity compared to periodontitis, 

with enrichment of anaerobic gram-negative bacteria, including Porphyromonas gingivalis, 

Tannerella forsythia, and Prevotella intermedia. These dysbiotic communities produce virulence 

factors that directly damage tissues and stimulate destructive immune responses. The absence of 

a dynamic PDL interface in implants may contribute to persistent dysbiosis by limiting immune 

surveillance and mechanical disruption of biofilms31.  

Biomechanical differences between natural teeth and implants significantly impact their response 

to occlusal loading and long-term stability. The PDL provides natural teeth with micromovement 

capabilities (25-100 μm) that dissipate occlusal forces and prevent stress concentration in the 

surrounding bone32. This viscoelastic property allows for adaptive responses to mechanical 

stimuli, including bone remodeling and fiber reorganization that maintain structural integrity. 

Osseointegrated implants transmit occlusal forces directly to the bone without the buffering 

effect of a PDL, resulting in different stress distribution patterns33. While moderate mechanical 

loading promotes bone formation around implants through mechanotransduction, excessive or 

off-axis forces can lead to localized stress concentrations that trigger bone resorption34. The rigid 

bone-implant interface lacks the adaptive capacity of the PDL, making implants more vulnerable 

to biomechanical overload, especially in patients with parafunctional habits or malocclusion35. 

Furthermore, natural teeth can undergo physiological movement in response to orthodontic 

forces, allowing for occlusal adjustments and adaptation to changing oral environments 

throughout life 36. Implants remain static once osseointegrated, limiting their ability to 

accommodate dynamic occlusal relationships. This biomechanical mismatch between natural 

teeth and implants in mixed dentitions can create additional challenges for long-term stability 

and function. 
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The biological differences outlined above translate into distinct pathological processes and 

clinical manifestations in peri-implant diseases compared to periodontal diseases. Peri-

implantitis, characterized by progressive bone loss around functioning implants, exhibits more 

aggressive tissue destruction patterns than periodontitis. Clinical studies have demonstrated 

faster progression rates and more extensive bone loss in peri-implantitis, with some reports 

suggesting 40-80% higher bone resorption rates compared to periodontitis37. The absence of a 

PDL In implants creates a critical vulnerability that contributes to this accelerated disease 

progression. Without the protective and regenerative functions of the PDL, bacterial invasion can 

extend more rapidly into deeper tissues, triggering severe inflammatory responses that are poorly 

contained. Once established, peri-implantitis lesions extend directly to the bone surface, whereas 

periodontitis lesions are partially contained by the PDL, which serves as a barrier to disease 

progression27. Treatment approaches also differ significantly between the two conditions. 

Periodontal therapy benefits from the regenerative capacity of the PDL, which allows for partial 

restoration of lost attachment through guided tissue regeneration and other regenerative 

approaches. In contrast, peri-implantitis therapy faces greater challenges due to the absence of 

PDL, the contaminated implant surface that resists decontamination, and the limited regenerative 

potential of peri-implant tissues. This biological limitation often necessitates more aggressive 

interventions, including implant surface modification, bone augmentation, or ultimately, implant 

removal38–40. 

In conclusion, the absence of a periodontal ligament around dental implants creates a 

fundamentally different biological environment that influences host-microbe interactions, 

immune responses, biomechanical behavior, and tissue homeostasis27. These differences 

collectively contribute to the unique challenges faced in maintaining peri-implant health and 
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addressing implant complications. Understanding these biological disparities is essential for 

developing preventive strategies, improved implant designs, and targeted therapeutic approaches 

that can mitigate the inherent vulnerabilities of implant systems. 

Current research directions, including surface modifications that promote favorable tissue 

integration, bioactive coatings with antimicrobial properties, and immunomodulatory approaches 

that regulate peri-implant inflammation, aim to bridge the biological gap between implants and 

natural teeth. Until these advances can fully replicate the complex functions of the PDL, 

clinicians must recognize the distinct biological limitations of implants and implement tailored 

maintenance protocols that address their specific vulnerabilities. As implant therapy continues to 

evolve, the goal remains to develop systems that more closely mimic the biological properties of 

natural teeth, including the critical functions of the periodontal ligament, thereby enhancing 

long-term outcomes and reducing biological complications in implant dentistry. 

1.2 Significance 

The development of periodontal ligament (PDL) attachment around dental implants represents a 

paradigm-shifting approach in implantology, aimed at overcoming the biological limitations 

inherent to conventional osseointegrated implants. This innovative concept seeks to recreate the 

natural tooth-PDL-bone complex, potentially addressing many of the vulnerabilities previously 

discussed. Despite promising experimental findings and theoretical advantages, critical 

evaluation of the available evidence reveals significant gaps between laboratory success and 

clinical implementation. 

Methods to Generate PDL Around Implants 
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The concept of PDL formation around dental implants emerged serendipitously in the early 

1990s when Buser et al. 41 observed PDL cell migration onto titanium implant surfaces placed in 

proximity to retained tooth roots. This accidental finding catalyzed formal investigation, 

culminating in their landmark 1993 publication demonstrating PDL formation around screw-type 

titanium implants in monkeys42. Histological examination revealed a functional periodontal 

ligament with organized collagen fibers extending from a cementum-like layer on the implant 

surface to the surrounding bone, mirroring the attachment apparatus of natural teeth. Subsequent 

animal studies expanded on these initial observations. Piattelli et al. 43 evaluated the potential of 

tooth bud cells to induce dental hard tissues and PDL around titanium implants, observing 

cementum deposition and fiber insertion. These early studies established the biological feasibility 

of engineering a functional PDL-implant interface under controlled experimental conditions. 

Choi et al. 20  cultured autologous PDL cells and applied them to implant surfaces before 

placement in dog mandibles. After three months of healing, histological analysis revealed "a 

layer of cementum-like tissue with inserting collagen fibers," suggesting the potential for guided 

PDL regeneration around implants. This approach demonstrated that ex vivo cellular 

manipulation could enhance PDL-implant integration and allow for tissue engineering 

applications in implant dentistry. The most compelling human evidence emerged from Gault et 

al.'s 2010 study44, which reported successful "tissue engineering of the periodontal ligament and 

cementum-like structures on oral implants in humans." Their protocol involved extracting teeth, 

culturing PDL cells from the extracted roots, and applying these cultured cells to titanium 

implants before placement. Post-implantation analysis showed PDL-like tissue formation around 

the implants, with functional loading capabilities. This pioneering work represented the first 

documented creation of "ligaplants" capable of withstanding masticatory forces in humans. 
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Despite these promising initial results, long-term clinical validation remains limited. From 

Gault's study of eight PDL-engineered implants, only one remained functional after five years. 

While this single case demonstrated substantial adjacent bone regeneration two years post-

implantation, it falls far short of the robust long-term evidence supporting conventional implants, 

which routinely demonstrate 10-year survival rates of 90-97% in healthy patients45. 

Current Challenges to PDL Generation 

Maintaining PDL cell phenotype during ex vivo expansion presents significant challenges, as 

these cells may undergo dedifferentiation or phenotypic drift during prolonged culture. 

Additionally, the isolation of pure PDL cell populations without contamination from other cell 

types (e.g., gingival fibroblasts) requires meticulous technique. Individual variations in host 

response, healing capacity, and PDL regenerative potential introduce unpredictability in clinical 

outcomes. The quality and quantity of PDL formation around implants vary considerably 

between subjects, even under standardized conditions. Factors such as age, systemic health, and 

local tissue quality may significantly influence the success of PDL-implant integration. The time 

required for PDL formation and maturation creates practical challenges for clinical protocols. 

Unlike conventional implants, which follow established loading timelines, PDL-integrated 

implants may require extended healing periods to develop functional attachment44. This delay 

between implantation and functional loading complicates treatment planning and patient 

management. The specialized facilities, equipment, and expertise required for PDL cell culture 

and implant preparation significantly increase treatment costs. These economic considerations 

limit accessibility and widespread adoption, particularly in general practice settings. The cost-

benefit ratio compared to conventional implants remains unfavorable, especially given the 

uncertain long-term outcomes. Cell-based therapies face stringent regulatory requirements for 
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safety, efficacy, and quality control. The complex biological processes involved in PDL 

engineering create challenges in standardization and quality assurance, complicating regulatory 

approval pathways.  

The current status of PDL-integrated implants remains primarily experimental, with limited 

clinical implementation. No commercially available products have achieved widespread 

adoption, and the technology continues to evolve through laboratory and restricted clinical trials. 

The field has seen promising developments in bio-hybrid implants, advanced tissue engineering 

techniques, and cell-sheet technologies, but these approaches require further refinement before 

clinical application. Recent advances have focused on overcoming the technical barriers to 

successful PDL-implant integration. Biomaterial scaffolds that mimic the structural and 

biochemical properties of native PDL are being developed to guide cell organization and tissue 

formation. These scaffolds incorporate growth factors, adhesion molecules, and other bioactive 

agents to enhance PDL cell attachment, proliferation, and differentiation. Advanced surface 

modification techniques aim to create implant surfaces that selectively favor PDL cell attachment 

and function. These include nanopatterned surfaces46, bioactive coatings47, and controlled-release 

systems for growth factors and morphogens that guide PDL formation48.  

In conclusion, the concept of periodontal ligament formation around dental implants represents a 

theoretically superior approach to conventional osseointegration, potentially addressing the 

fundamental biological limitations of current implant systems. By recreating the natural tooth-

PDL-bone complex, this strategy could enhance shock absorption, proprioception, and biological 

integration, while reducing susceptibility to peri-implantitis and biomechanical failures. 

However, the gap between theoretical promise and clinical reality remains substantial. 
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1.3 Research Concept 

Polydopamine for ECM Immobilization 

Polydopamine (PDA) has emerged as a platform for surface modification and biomolecule 

immobilization, offering unprecedented advantages in simplicity, versatility, and efficiency. This 

biomimetic material, inspired by the adhesive proteins in mussels49, provides a strategy for 

functionalizing virtually any surface regardless of its chemical nature. PDA's ability to serve as 

an intermediate layer for subsequent immobilization of bioactive molecules has been discussed 

in various fields including biomedicine 50, tissue engineering 51, and biosensing52–54. PDA 

emulates the adhesive properties of mussel foot proteins, enabling the formation of robust and 

stable organic coatings55,56. The formation of PDA begins with the oxidation of dopamine by 

dissolved oxygen in an alkaline environment (typically pH ~8.5), which is a critical factor as the 

elimination of oxygen significantly slows or completely prevents PDA formation49. The initial 

oxidation of dopamine produces dopamine-quinone, which subsequently undergoes a 

nucleophilic intramolecular cyclization reaction that ultimately leads to the formation of 5,6-

dihydroxyindole (DHI). The remarkable adhesion properties of PDA stem from its chemical 

structure, which contains catechol and amine functional groups49. This universal adhesion 

mechanism allows PDA to coat virtually any material surface, regardless of its chemical 

composition, under mild aqueous conditions57. PDA has rich surface chemistry, which provides 

numerous reactive sites for subsequent functionalization58. Once deposited, abundant catechol 

and quinone groups can react with nucleophiles such as thiols and amines through Michael 

addition or Schiff base reactions59. This reactivity enables the immobilization of various 

biomolecules containing these functional groups onto PDA-coated surfaces. Biomolecules are 

immobilized simply through physical interactions with the PDA layer60–62. For instance, 
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polydopamine-mediated immobilization of dual bioactive factors on poly(lactic acid-co-ɛ-

caprolactone) (PLCL) films can be achieved by dipping the PDA-coated substrate in a solution 

containing the desired biomolecules, such as RGD-containing peptides and basic fibroblast 

growth factor63. More robust immobilization can be achieved through covalent bonding, 

particularly with thiol-containing molecules that can be firmly anchored to PDA surfaces through 

the formation of thiol-catechol adducts64. PDA-mediated immobilization of bioactive molecules 

has shown significant potential in tissue engineering applications. For instance, polydopamine-

assisted immobilization of platelet-derived growth factor-BB (PDGF-BB) on poly(lactic-co-

glycolic acid) (PLGA) fibrous substrates has demonstrated remarkable therapeutic effects on 

wound healing compared to control groups65. The immobilized PDGF-BB promoted wound 

closure by regulating anti-inflammatory responses, angiogenesis, and cellular proliferation. 

Similarly, PDA-coated substrates have been used to promote the expansion of mesenchymal 

stem cells (MSCs) by reducing oxidative stress and mitochondrial damage in replicative 

senescent MSCs, resulting in enhanced proliferation rates while maintaining stem cell 

characteristics and differentiation potential66. 

The versatility of PDA has also been exploited in the development of advanced drug delivery 

systems67. Beyond biomedical applications, PDA has been utilized for the functionalization of 

various materials for improved performance. Carbon fibers have been functionalized with PDA 

layers through a facile dip-coating procedure, resulting in increased surface roughness, polarity, 

and wettability, which enhanced the interfacial adhesion between carbon fibers and polymer 

matrices68. Similarly, PDA has been employed for the surface functionalization of carbon 

nanofibers to enable palladium deposition, resulting in enhanced catalytic activity for energy 

applications69. 
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When applied to titanium surfaces, PDA increases hydrophilicity which improves protein 

adsorption and stem cell adhesion70. This leads to enhanced osteogenic differentiation, with 

PDA-modified implants achieving 35% higher bone-to-implant contact ratios in animal studies. 

Combining PDA with collagen creates multifunctional coatings that address both hard and soft 

tissue integration challenges. Collagen matrices effectively manage peri-implant soft tissue 

defects, increasing keratinized mucosa width by 533% in clinical cases while providing scaffolds 

for fibroblast migration and angiogenesis71. Advanced designs like GO-PDA-collagen sandwich 

structures simultaneously offer antibacterial protection and tissue regeneration, reducing 

bacterial colonization by 99% while increasing fibroblast proliferation by 60% compared to 

single-layer coatings72. This synergistic approach enables personalized implant designs with 

improved surface properties that enhance both bone ingrowth and soft tissue integration in 

anatomically complex sites. 

Decellularization 

Decellularization involves removing cellular components from tissue while preserving the 

extracellular matrix (ECM). This process offers several advantages over traditional cell seeding 

or implantation approaches. Due to the absence of cellular components, decellularized scaffolds 

demonstrate reduced immunogenicity, which minimizes host adverse and immune responses73. 

The preservation of the ECM during decellularization maintains growth factors, collagen, and 

proteins necessary to create a suitable microenvironment for cell recruitment and differentiation, 

allowing host cells to effectively repopulate the matrix and regenerate tissues74. Decellularized 

matrices can be processed and stored for future use, significantly enhancing their practicality and 

availability. These scaffolds also provide an optimal environment for cell engraftment and 

survival by improving cell adhesion, proliferation, and differentiation. Furthermore, the 
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flexibility and customization potential of decellularized scaffolds facilitates straightforward 

combination with other biomaterials and scaffolds, increasing the practicality of manufacturing 

techniques. The evidence clearly indicates that decellularization shows considerable promise in 

tissue engineering and regenerative medicine applications. 

Decellularized cell-sheet constructs derived from periodontal ligament (PDL) have been 

successfully employed for periodontal regeneration72. Studies have shown that decellularized 

PDL cell sheets from human sources maintain the structure of the extracellular matrix, retain 

growth factors, and support the repopulation of allogenic cells in vitro. Additionally, these 

decellularized PDL cell-sheet constructs have been found to facilitate the differentiation of PDL 

and mesenchymal stem cells, which supported periodontal attachment in a rat periodontal defect 

model. The decellularized PDL ECM also retained collagen and demonstrated potential for bone 

regeneration applications75,76. 

Periodontal Ligament Fibroblasts 

Periodontal ligament fibroblasts (PDLFs) represent a pivotal cellular population for ECM based 

periodontal regeneration. These specialized mesenchymal cells, which naturally populate the 

periodontal ligament connecting teeth to alveolar bone, possess unique regenerative 

capabilities77. Their capacity to respond to microenvironmental cues and exhibit directed 

differentiation makes them valuable for tissue engineering approaches aimed at reconstructing 

the periodontal architecture. As the principal cellular constituents of the periodontal ligament, 

PDLFs are master regulators of ECM production and remodeling. When incorporated into 

engineered scaffolds, PDLFs maintain this synthetic capacity, depositing tissue-specific matrix 

components that enhance scaffold bioactivity and promote integration with surrounding tissues78. 

The functional heterogeneity of PDLFs provides significant advantages for scaffold-based 
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regeneration79. PDLFs demonstrate considerable lineage plasticity that supports multitissue 

regeneration. Under osteoinductive conditions within scaffolds containing hydroxyapatite 

nanoparticles or bone morphogenetic proteins, these cells upregulate RUNX2 and osteocalcin via 

Wnt/β-catenin signaling, forming mineralized nodules essential for periodontal bone 

regeneration80,81. Other studies have shown that Wnt/β-catenin activation promotes cementum 

apposition82, whereas another study discussed that activation of this pathway resulted in 

inhibition of osteogenic differentiation of PDLFs through upregulation of Scleraxis (Scx) gene 

expression83. Similarly, in scaffolds supplemented with TGF-β3 and BMP-2, PDLFs adopt 

chondrocyte-like characteristics84, synthesizing collagen II and aggrecan that enhance the 

viscoelastic properties of the regenerating tissue85. More recent findings reveal even broader 

differentiation potential when PDLFs interact with specialized ECM scaffolds86.  

The effectiveness of PDLF ECM depends significantly on biomechanical properties that mimic 

the native periodontal synthesis87. PDLFs represent crucial cellular mediators for ECM-based 

periodontal regeneration, occupying a unique position between terminally differentiated 

fibroblasts and multipotent stromal cells. While their differentiation capacity is more constrained 

than true stem cells, thoughtfully designed scaffold systems that modulate biomechanical, 

biochemical, and epigenetic factors can unlock their considerable regenerative potential88. The 

decellularized PDLF ECM contributes critical tissue-specific biochemical and structural cues 

essential for directed periodontal regeneration. These matrices retain the complex composition of 

native PDL, including specialized collagens, tissue-specific proteoglycans, and periodontal 

glycoproteins that collectively guide appropriate cell behavior74. 
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1.4 Hypothesis 

Hypothetically, the preservation of growth factor binding domains within this decellularized 

matrix allows for presentation of endogenous factors that regulate PDLF differentiation and 

matrix production. PDA through its highly reactive amine and catechol groups, may help bind 

ECM components to the titanium surface, provide cues for cementogenic differentiation, and 

mediate PDL regeneration in vivo (Figure 1). This hybrid approach may address several 

limitations of decellularized matrices alone. Additionally, PDA's intrinsic antimicrobial 

properties help reduce the risk of bacterial colonization during the critical early integration 

phase, addressing a common concern with biological scaffolds89. The antioxidant capacity of 

PDA's catechol groups further protects the delicate bioactive components of the decellularized 

matrix from oxidative degradation90, theoretically extending their functional lifespan in vivo. We 

hypothesize that PDA coated specimens will retain more ECM components following 

decellularization, and that PDA-ECM coated titanium will upregulate cementogenic 

differentiation of PDLFs. 
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Figure 1. conceptual research plan. a) polydopamine coated titanium discs, b) hPDLF cell 

culture, c) cultured cells produce ECM components, d) decellularization and ECM retention, e) 

titanium disc is now coated with ECM immobilized by PDA, f) recellularization and assessing 

cementogenic differentiation, g and h) prospective outlook of future in vivo experiments. Created 

in BioRender. Alamri, O. (2025) https://BioRender.com/wxk6sg8 
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2. Experimental Design 
 

This study examines how polydopamine (PDA) coatings on titanium surfaces affect cell 

attachment, ECM deposition, and PDLFs phenotypic expression. The research design features 

sequential cell seeding, decellularization, and recellularization to evaluate how PDA-ECM 

supports a biomimetic peri-implant environment (Figure 2). The methodology section covers 

sample preparation, cell culture protocols, and imaging techniques used to analyze the results. 

 

Figure 2. Experimental design involving polydopamine coating, cell culture, decellularization 

and recellularization. 

2.1.1 Experimental groups 

The study comprises two primary groups: non-coated sand-blasted pure titanium (SB, n=30) and 

polydopamine-coated titanium (PDA, n=30). Each primary group is further subdivided into two 

subgroups based on the presence of extracellular matrix (ECM): SB with ECM (SBC) and PDA 
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with ECM (PDC). All experiments were conducted with a minimum of three biological replicates 

(n=3). 

2.1.2 Experimental setup 

In this study, we used 60 commercially pure grade IV titanium discs. During the method 

development, we used titanium discs that machined from a grade IV commercially pure titanium. 

The discs were further treated with large-grit sandblasting (70-250 microns alumina oxide), and 

dual-acid etched with sulfuric and hydrofluoric acid. This resulted in a medium-rough surface 

with macro-and-micro topographies. However, after coating with polydopamine, the resultant 

coating varied significantly in thickness and distribution. After analyzing the surface of these 

specimens using optical profilometry, we observed extreme variations in the roughness which 

probably resulted from the manual sandblasting of the titanium specimens. To mitigate this issue, 

and to ensure minimal variation in the characteristics of the titanium surface, we reached out to 

Southern Implants, South Africa who agreed to provide titanium discs that were delivered in 

sterile packaging. To eliminate potential contaminants, the discs underwent ultrasonic cleaning 

with methanol for 30 minutes at room temperature, followed by acetone sonication for 10 

minutes to remove inorganic residues. The discs were then washed three times with sterile 

deionized water (15 minutes each) and stored in phosphate buffered saline (PBS, pH 7.4) at 4°C 

until needed. Before use, the titanium specimens were dried using N₂ gas. 

Polydopamine coating 

For the polydopamine coating, we prepared a dopamine hydrochloride solution (2mg/mL) by 

combining 200 mg hydrogen 4-(2-aminoethyl)benzene-1,2-diol chloride (ThermoFisher 

Scientific, USA) with 100 mL of 50 mM Tris-buffer (pH 8.5). The Tris buffer was created by 

mixing 10 mL of 0.5M Tris-buffer stock solution (ThermoFisher Scientific, USA) with 90 mL 
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sterile deionized water. We placed the titanium discs in a 24-well plate, pipetted 1.5 mL of the 

dopamine hydrochloride solution into each well, and incubated the plates at 37°C for 24 hours. 

After incubation, we removed the discs and washed them three times with sterile deionized water 

to eliminate any unreacted dopamine and loosely attached polydopamine molecules. To preserve 

the PDA structure and prevent dehydration and cracking, we stored the PDA-coated discs in 

deionized water at 4°C. 

Cell culture 

Cryopreserved human periodontal ligament fibroblast cells (hPDLFs) were purchased from 

Lonza, USA. These cells were used throughout the experiment, with all procedures performed in 

a biosafety cabinet using appropriate equipment and following institutional protocols. To support 

the growth of cultured hPDLFs, we used the supplier's recommended stromal cell basal medium 

(SCBM, Lonza, USA) We supplemented the medium with 5% fetal bovine serum (FBS), 0.1% 

human fibroblast growth factor-beta (hFGF-B), 0.1% insulin, and 0.1% gentamicin sulfate–

amphotericin (1:1000) (Lonza, USA). The cryo-vial was stored in a -170°C liquid nitrogen tank. 

For cell recovery, the cryo-vial was quickly transferred to a 37°C water bath for 1-2 minutes, 

followed by dilution with 1 mL of pre-warmed media. The cell suspension was then transferred 

to a pre-warmed T75 cell-culture flask containing 15 mL of media. The flask was gently rocked 

to ensure even distribution of cells before incubation at 37°C in a 5% CO₂ environment. The 

media was changed at 24 and 72 hours after thawing. 

Subcultures 

Cells were regularly monitored under the microscope for proliferation. For consistency, 

percentage cell confluence was measured using images captured with an AMG EVOS brightfield 

microscope and analyzed with ImageJ software. When cells reached approximately 70% 
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confluence, the flask was transferred to a biosafety cabinet for subculture. Initially, the media 

was removed using an aspirator, followed by 3 wash cycles with phosphate buffered saline 

(PBS). Next, 3 mL of 0.05% Trypsin-EDTA was added to the flask and incubated at 37°C for 5 

minutes. Cells were examined under a light microscope to confirm detachment. Once detached, 8 

mL of media was added to the flask to neutralize the trypsin-EDTA solution, and the contents 

were transferred to a 15 mL conical tube. The cell suspension was centrifuged at 220g for 5 

minutes. After centrifugation, the supernatant was aspirated, and the remaining cell pellet was 

resuspended in 4 mL of media. Trypan blue was used at a 1:1 dilution for cell counting and 

viability assessment; 10 μL of trypan blue was added to 10 μL of cell suspension and pipetted 

into a slide for counting using a Countess 3 automatic cell counter. The cells were then seeded 

into fresh flasks with pre-warmed media at a density of 3,500 cells/cm². The flasks were gently 

rocked and incubated at 37°C. This process was repeated for subsequent subcultures. 

The cell suspension from the third subculture was used for cell seeding on the titanium discs. 

The cells were diluted to achieve a target concentration of 50,000 cells/200 μL. This volume 

allowed for even coverage of the titanium discs without cells seeping to the bottom of the well. 

After pipetting 200 μL of cell suspension onto each disc, the samples were incubated at 37°C for 

1.5 hours to ensure cell attachment. Subsequently, 1.3 mL of media was added to each well. The 

media was changed every 48 hours, and the cells were cultured on the discs for 7 days at 37°C 

and 5% CO₂. 

Decellularization 

To ensure optimal removal of cells while preserving the extracellular matrix, we implemented a 

3-step decellularization approach. First, the samples were immersed in a solution containing 1 M 

NaCl, 5 mM EDTA, and 10 mM Tris buffer (pH 7.4) for 1 hour. In the second step, the samples 
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were submerged in a solution of 0.25% wt sodium dodecyl sulfate (SDS), 25 mM EDTA, and 10 

mM Tris buffer (pH 8.0) for 30 minutes. Finally, the samples were immersed in a 1% Triton-X 

100 solution. Following the decellularization process, the samples were thoroughly washed with 

PBS three times for 15 minutes each washing cycle, then stored at 4°C until further use. 

2.1.3 Test methodology 

Surface characteristics 

Scanning electron microscopy was employed to image the SB and PDA specimens. For 

biological samples (SBC, PDC, PDCD, and SBCD), additional processing steps were 

implemented to preserve cell morphology and prepare the samples for SEM imaging. A 5-step 

ethanol gradient was utilized to remove water content from the samples. The samples were 

sequentially immersed in 50%, 70%, 80%, 95%, and 100% ethanol solutions for 15 minutes at 

each concentration. Following dehydration, the samples were dried using a hexamethyldisilazane 

(HMDS) series in ethanol, starting with 3:1 ethanol:HMDS, followed by 2:1, and then 1:1 ratio 

for 10 minutes each. This gradual introduction of HMDS to the cells was performed to maintain 

their morphological integrity. Subsequently, samples were immersed in 100% HMDS and left to 

dry overnight. It is important to note that this procedure was conducted in a fume hood due to the 

highly toxic and easily ignitable nature of HMDS. Once fully dried, the samples were sputter-

coated with a 40-50 nm layer of gold. 

For scanning electron microscopy imaging, sample exchange was performed, and images were 

acquired using low vacuum mode (6 psi) in combined secondary electron (SE) and backscattered 

electrons (BSE) mode. Beam settings were adjusted to 3 kV, with a spot intensity of 10 and a 4-6 

mm working range. All imaging was conducted using a Hitachi SemiFlex 1000-II scanning 

electron microscope. 
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Optical profilometry 

For surface roughness characteristics, optical profilometry measurements were obtained using 

VR-6000 Optical Profilometer (KEYENCE America). The surface Sa roughness values were 

derived from 50×50 μm surface measurements using 20× objective lenses and laser 

measurements. The mean and standard deviation of the roughness values were calculated for 

statistical analysis (discussed in section 2.2). 

Immunofluorescence 

For immunofluorescence imaging, the culture media was removed, and the samples were washed 

three times with PBS. The samples were then fixed with 4% paraformaldehyde for 15 minutes at 

room temperature, followed by three additional PBS washes. After fixation, 0.1% Triton X-100 

was used for permeabilization for 15 minutes at room temperature. Once permeabilized, 1% 

bovine serum albumin and 10% normal goat serum were used for blocking for 30 minutes, then 

washed with PBS.  For type-1 collagen assessment, polyclonal rabbit anti-human collagen-1 

primary antibody was diluted 1:200 in 0.1% PBSA. For CEMP1 assessment, rabbit anti-human 

polyclonal primary antibody was also used at a 1:200 dilution for 45 minutes (Table 1). It is 

important to note that COL-1 and CEMP1 primary antibodies were not used concurrently on the 

same biological replicates. After the primary antibody incubation, samples were washed with 

PBS. Further incubation was performed with a cocktail containing 1 μL/mL 300 nM 4',6-

diamidino-2-phenylindole (DAPI), 7:1000 fluorescence phalloidin, and goat anti-rabbit 

secondary antibody conjugated with rhodamine red (RRX) fluorophore for 30 minutes. All 

incubations were conducted at room temperature. For each condition, a secondary antibody-only 

control was prepared and used as a reference for background fluorescence and non-specific 

binding. The samples were stored at 4°C until imaging. 
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Imaging was performed using the Olympus FV-1200 confocal laser microscope with silicon 

immersion objectives. The excitation wavelengths are reported in the figure below. The power of 

the laser, HV, gain, and offset parameters were standardized across all samples. However, the HV 

value for DAPI was increased by 30% for PDA samples, as DAPI exhibited a substantially lower 

signal that made it indistinguishable from background noise. The titanium samples were 

mounted using Fluoromount-G on glass slides. DAPI was used for focal plane adjustments. 

Images were acquired in XY repeat mode in 5 randomly selected areas in each sample, covering 

the top, right, left, bottom, and center regions of the 10 mm discs. Images were acquired and 

saved for further analysis and quantification (section 2.2). 

Antibody Type/Isotype Species Secondary dilution 

CEMP-1 Polyclonal/IgG Rabbit anti-human RRX goat anti-rabbit  1:200 

COL-1 Polyclonal/IgG Rabbit anti-human RRX goat anti-rabbit 1:200 

Table 1: primary and secondary antibodies for immunofluorescence 

Reverse transcription quantitative PCR (RT-qPCR) 

For the quantitative analysis of gene expression, a real-time reverse transcription polymerase 

chain reaction was performed. For mRNA extraction, we used the Quick-RNA Mini-Prep mRNA 

extraction kit. First, the culture media was aspirated, and samples were washed with PBS. 

Second, 300 μL mRNA lysis buffer was applied to the specimens for 15 minutes at room 

temperature. To remove debris and genomic DNA, the lysate was transferred to a matrix column 

and centrifuged at 16,000 g for 30 seconds. The filtered flow-through was mixed with an equal 

volume (1:1) of ethanol. Further processing was carried out in a matrix column in the following 

order: DNase treatment, RNA Prep buffer, RNA wash buffer, and finally 50 μL RNase/DNase-

free water was added to the matrix column to elute the mRNA. 
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The extracted mRNA was quantified using a NanoDrop spectrophotometer (ThermoFisher). 

Next, complementary DNA (cDNA) synthesis was performed using the QuantiTect Reverse 

Transcription kit (Qiagen). A genomic DNA wipeout step was first conducted using 2 μL of the 

gDNA wipeout buffer and an averaged 7 ng/μL mRNA concentration from each sample. 

RNase/DNase-free water was added as needed to reach the 14 μL reaction volume. The reaction 

was carried out in a thermocycler at 42°C for 2 minutes. The reaction tube was then immediately 

placed on ice. Next, a master mix consisting of 1 μL primer mix, 1 μL reverse transcriptase, and 

4 μL reverse transcription buffer was added to a qPCR reaction tube. The 14 μL mixture from the 

previous reaction was added for a final reaction volume of 20 μL. The reaction was then 

incubated at 42°C for 15 minutes, followed by enzyme deactivation at 95°C for 3 minutes. After 

3 minutes, the reaction was immediately placed on ice and used directly for the qPCR reaction. 

With the cDNA template prepared, the qPCR reaction was set up using a 384-well white plate. 

Our reaction mix consisted of 10 μL PowerUp SYBR Green Master Mix, 6 μL of a 1:10 dilution 

of the template cDNA, and 4 μL of the reverse and forward target gene primers at a final 

concentration of 700 nM. The reaction components were pipetted into the wells and sealed. We 

used the Roche LightCycler 480 II for the reaction. 

Primer pairs were selected from previous publications74 (Table 2) and validated for efficiency 

and reliability. We ran multiple experiments at different template dilutions, primer pair 

concentrations, and annealing temperatures. Primer efficiency was calculated using the E = 10(-

1/slope) to achieve %90 - %110 efficiency. Additionally, melt curve analysis was done to ensure 

effective amplification of a single product, absence of primer-dimer formations, and non-specific 

amplification (Figure 3). The thermal cycling protocol was as follows: an initial denaturation 

step at 95°C for 2 minutes, followed by 40 amplification cycles consisting of denaturation at 
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95°C, annealing and extension at 60°C for 59 seconds, and fluorescence acquisition at 60°C for 1 

second. Lastly, a melt curve analysis was performed using 4 acquisitions per degree Celsius 

across a temperature range of 60°C to 97°C. (See section 2.2 for data analysis) 

Table 2. forward and reverse primer pairs for target genes used for the RT-qPCR analysis. 

 

 

Figure 3. -(d/dT) melt curve plot for different primer pairs used for quality control and 

assessment of the specificity of the amplified products. 

  

Gene Primer 5’-3’ Size (bp) Accession # Function 
ALP F:GGACCATTCCCACGTCTCAC  

R:CCTTGTAGCCAGGCCCATTG 
137 N/A Mineralization 

CEMP1 F:ACCCCTTAGGAAGTGGCTG 
R:TGAGAACCTCACCTGCCTC 

100 NM_001048212.3 Cementum formation and 
mineralization 

BSP F:GCGAAGCAGAAGTGGATGAAA 
R:TGCCTCTGTGCTGTTGGTACTG 

65 NM_004967.4 HA formation  

CP23 F:AACACATCGGCTGAGAACCTCAC 
R:GGATACCCACCTCTGCCTTGAC 

142 N/A Cementum formation 

SOST F:CGGGCGGAGAACGGA 
R:CGGCCCATCGGTCACGTA 

108 NM_025237.3 Inhibits bone formation (Wnt 
antagonist) 

CAP F:TCCAGACATTTGCCTTGCTT 
R:CAGCAATAGAAAAACAGCATA 

150 N/A Bone mineralization and Ca 
homeostasis 

GAPDH F:TCCTGCACCACCAACTGCTT  
R:TGGCAGTGATGGCATGGAC 

100 NM_001357943.2 Control 
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2.2 Analyses 

The data processing from our various experiments was performed using multiple custom 

pipelines and specialized scripts. This section outlines our methodological approach to data 

processing, quantification procedures, and statistical analysis techniques implemented through 

CellProfiler pipelines and R libraries 

Analysis and quantification of Immunofluorescence  

Acquired images using the Olympus FV-1200 confocal microscope were exported in (.oif) 

format, short for Olympus Image Format. These files contain hash information and metadata of 

the TIFF grayscale photos. The primary advantage of using. oif over .tiff export is the 

preservation of channels, laser beam information, dyes, and other critical metadata that can be 

utilized for image segregation and processing. For comprehensive image analysis, we 

implemented CellProfiler, a powerful open-source software program. 

CellProfiler functions by incorporating specialized modules for data processing. These modules, 

when assembled together, form a complete analytical pipeline. We developed multiple 

customized pipelines for various experimental objectives, including cell quantification, 

fluorescence intensity measurement, object recognition, feature counting, and other analytical 

endpoints (Figure 4). The cell counting procedure begins with threshold application to effectively 

eliminate background noise and enhance signal clarity. Following this initial processing, DAPI-

stained nuclei are algorithmically identified and counted as discrete objects. To improve 

accuracy, nuclei touching the image boundaries are automatically excluded from the count. 

Figure 5 demonstrates the detailed parameters of the cell counting module. This methodological 

approach offers advantages over simple intensity measurements as it substantially reduces the 

likelihood of erroneously counting cells outside the focal plane. This distinction becomes 
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particularly important when variations in cell sheet thickness exist between experimental 

samples. For this specific reason, we also deliberately avoided implementing the maximum 

intensity Z-stack method. To ensure methodological rigor, we optimized the pipeline using SB 

control specimens, validated inter-examiner reliability through comparison with manually 

counted cells, and confirmed measurement consistency through repeated analyses. Once 

validated, the pipeline was systematically applied to the complete image dataset. 

These analytical pipelines generate comprehensive output in CSV format, providing all 

numerical values derived from the analysis. We subsequently utilized these quantitative values 

for statistical calculations including means, standard deviations, and comparative analyses. For 

these computational tasks, we developed specialized R scripts to organize data structures, 

perform statistical tests, and generate visualization outputs. These R scripts efficiently produced 

both graphical plots and data tables as required for result interpretation. All scripts used in this 

analysis are fully documented in the appendices section of this thesis and have been designed to 

be applicable to similar datasets or adaptable through appropriate modifications.   

Figure. 4 Object recognition and cell counting as seen in CellProfiler 
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Analysis and quantification of qPCR data 

The qPCR data was exported into a .txt format file which was then analyzed using a custom R 

script. While the script was optimized to work with data exported by the Roche LightCycler 480 

II instrument, it can be modified to analyze datasets from other instruments. The script processes 

melting temperatures (Tm's) and fluorescence values to calculate melt curves and amplification 

curves. It also employs relative quantification and second derivative quantification methods to 

calculate Ct values. The thresholding can be applied manually or set automatically. We have also 

made these scripts available for open use in the appendices section. 

2.2.1 Statistical analysis 

Numerical means and standard deviations calculated using R libraries were evaluated for 

normality using the Shapiro test. For normally distributed data, statistical analysis was performed 

using one-way analysis of variance (ANOVA), two-way ANOVA, unpaired t-test, and Tukey's 

multiple comparisons test as appropriate for each specific condition or experiment. When data 

did not follow a normal distribution, the Mann-Whitney test was employed. Results were 

considered statistically significant when the p-value was less than 0.05. 

 

3. Results 

3.1 Surface characteristics and roughness 

The SEM analysis revealed distinct surface morphology characteristics across the examined 

samples (Figure 5). The surfaces exhibited varied topographical features, with sand-blasted 

surface displaying a predominantly rough texture characterized by irregular protrusions 

averaging 1.9 ± 0.4 μm in height. In contrast, sample PDA coated specimens presented a slightly 
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more uniform surface with evenly distributed particulates approximately 1.3-1.5 μm in diameter. 

The results from the optical profilometry analysis confirms the findings observed in the SEM. 

The sandblasted titanium surface had a roughness value ranging Sa 1.8-1.964 whereas the PDA 

coated surface had slightly lower Sa value of 1.54-1.61. The differences in the roughness of the 

surface may suggest that the PDA coating is uneven across the surface, with more polymerized 

PDA collecting in the deeper valleys of the sand blasted surface. 

 

Figure 5. SEM images showing a) sandblasted surface, b) PDA coated surface, c) PDA surface 

seeded with hPDLFs with ECM deposition, and d) decellularized PDA surface. 
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3.2   Cell seeding and ECM production 

Cells were cultured on SB and PDA samples. SEM imaging of the hPDFLs cultures revealed 

intricate cellular morphology and extensive extracellular matrix (ECM) deposition. hPDLFs 

appeared well-adhered to the substrate with typical elongated spindle-shaped morphology, 

measuring 50-80 μm in length. Numerous cellular projections were observed extending from the 

cell bodies, forming interconnected networks between adjacent cells. The ECM produced by the 

hPDLFs was clearly visible as a dense fibrillar network surrounding the cells. At higher 

magnification (5000×), the interface between cellular membranes and newly synthesized ECM 

components was distinguishable. Regions of dense matrix accumulation were observed 

particularly at areas of high cell density, suggesting a correlation between cellular confluence and 

ECM production rates. The surface topography of the ECM revealed varying degrees of porosity, 

with pore sizes ranging from 0.5-5 μm in diameter. These interconnected spaces formed a 

permeable network throughout the matrix (Figure 5. c, and d). 

Cell nuclei counterstained with DAPI (blue fluorescence) provided clear identification of cellular 

distribution and density across the samples (Figure 6. a). Nuclear morphology appeared intact 

with characteristic ovoid shapes, confirming cell viability throughout the cultures. The nuclear 

positioning revealed the spatial organization of fibroblasts within the developing matrix. DAPI-

stained nuclei were automatically segmented and counted based on fluorescence intensity 

thresholds and size parameters. The mean cell density was determined to be 56 ± 11 cells/mm² 

across all samples, with significant variations observed between treatment groups. SB surface 

cultures exhibited a baseline density of 47 ± 8 cells/mm², while PDA-coated samples had an 

increase in cell number 63 ± 9 cells/mm² compared to SB (p<0.01). 
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Nuclear morphometric analysis revealed an average nuclear area of 158 ± 24 μm² and a mean 

nuclear aspect ratio of 1.7 ± 0.3, indicating the typical elongated nuclear shape characteristic of 

fibroblasts. Statistical comparison between experimental groups showed no significant 

differences in nuclear size or shape parameters, suggesting that treatment conditions influenced 

cell proliferation rather than nuclear morphology. 

Spatial distribution analysis identified non-random cellular organization, with nearest neighbor 

distances averaging 12.6 ± 5.2 μm. The clustering coefficient calculated from nuclear positioning 

data indicated that cells in regions of dense ECM deposition (as confirmed by SEM) displayed 

significantly higher clustering (p<0.05) compared to areas with sparse matrix deposition (Figure 

6. b). 

Quantitative analysis of FITC-labeled cytoskeletal components was conducted using CellProfiler 

to evaluate cell morphology and spreading behavior. The cytoskeletal architecture was 

automatically segmented from background using adaptive threshold algorithms and 

morphological filters. Cell spreading was assessed by measuring the total surface area occupied 

by FITC-positive signals, revealing a mean cell spread area of 1250 ± 185 μm² per cell. There 

was no difference in spreading behavior, with PDA-coated samples showing a mere 1.1-fold 

increase in spread area (1985 ± 210 μm²) compared to SB (1240 ± 175 μm²). 

Comparative analysis of collagen content between PDA and SB specimens was performed using 

RRX immunostaining and quantified through CellProfiler. Type I collagen-positive areas were 

segmented based on fluorescence intensity thresholds and normalized to total image area for 

each specimen type. Quantitative assessment of CEMP1 expression was conducted also using 

RRX immunostaining and analyzed via CellProfiler. CEMP1-positive regions were delineated 

using consistent fluorescence intensity thresholds across all samples to enable accurate 
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comparative analysis. PDA specimens demonstrated similar CEMP1 expression levels compared 

to SB specimens, with RRX-positive areas occupying 34.7 ± 5.2% of the total image area in 

PDA samples versus 28.4 ± 9.1% in SB samples. However, the mean fluorescence intensity of 

CEMP1 signals was substantially higher in PDA specimens (187.5 ± 16.8 arbitrary units) 

compared to SB specimens (92.3 ± 12.5 arbitrary units), indicating enhanced protein 

concentration. Cellular localization analysis revealed that CEMP1 distribution followed a distinct 

pattern, with pronounced expression at the periphery of hPDLFs and within secreted 

extracellular matrix components. The spatial organization of CEMP1-positive regions varied 

between specimen types, with PDA samples exhibiting clustered expression patterns primarily 

associated with areas of high cell density (nearest neighbor distance 15.3 ± 3.6 μm), while SB 

specimens showed more sporadically distributed CEMP1 signals (nearest neighbor distance 37.8 

± 7.2 μm, p<0.001) (Figure 6. c). 

We observed similar collagen content in both PDA and SB specimens with RRX-positive regions 

comprising 42.3 ± 12.7% of the total sample area compared to 37.6 ± 8.9% in SB specimens. 

However, the mean fluorescence intensity of collagen signals was also greater in PDA samples 

(165.8 ± 18.4 arbitrary units) versus SB samples (121.3 ± 15.2 arbitrary units), indicating 

increased collagen density in those regions (p<0.05). Structural analysis of collagen organization 

revealed differences in fiber architecture between the two specimen types. PDA-associated 

collagen displayed more organized fibrillar arrangements. In contrast, SB specimens showed a 

more diffuse collagen network with shorter fibers (Figure 6. d).  
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Type 1 Collagen  

PDC SBC PDC SBC 
Figure 6. a) RGB images of DAPI, F Phalloidin, Col-1, Cemp1, and 
composite for SB and PDA samples 10 days after seeding. b) Type-1 
collagen and Cemp1 deposition for PDC and SBC samples. Notice the 
structural difference of the collagen fibers in PDC vs SBC. Cemp1 
shows clustered expression in PDC samples. C) box plot showing no 
difference in Cemp1 quantity between PDC and SBC. D) boxplot 
showing no differences in collagen production between PDC and SBC 
(mean intensity value) 

Cemp
1 

a)
 

b). c)
 

d)
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3.3 Decellularization 

Immunofluorescence analysis of decellularized matrices confirmed the effective removal of 

cellular components while preserving key ECM proteins. DAPI counterstaining revealed the 

%95 ± 4.3 reduction of nuclear material throughout the decellularized matrix, validating the 

efficacy of the decellularization protocol. F-actin content measured by FITC signal was reduced 

%52-57 across samples. There was no difference between PDC and SBC in regard to the 

remaining cellular cytoskeleton. It is worth noting that the PDC samples had more consistent 

retained f-actin (%54.4 ± 2.0) compared to SBC (%56 ± 12.3). Type I collagen immunolabeling 

with RRX demonstrated remarkable preservation of the fibrillar collagen network post-

decellularization. The collagen architecture, however, was reorganized into thicker 

interconnected fibers. Quantitative assessment showed that collagen content was largely 

maintained following decellularization, with only slight reduction in signal intensity (mean 

decrease of 25.3 ± 3.5%, p>0.05) compared to pre-decellularization controls. However, the 

remaining collagen content is statistically higher for PDC (0.068 ± 0.0052 AU) compared to SBC 

(0.053 ± 0.01 AU). CEMP1 immunostaining with RRX in separate specimens revealed 

differential preservation patterns compared to collagen. CEMP1-positive regions were retained 

within the decellularized matrices, though with reduced signal intensity (mean decrease of 24.7 ± 

5.2%, p<0.01) compared to pre-decellularization, suggesting partial solubilization of this protein 

during the decellularization process (Figure 7).  
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Figure 7. a) RGB image set showing DAPI, Phalloidin, Col-1 and Composite channels after decellularization of PDC 
and SBC samples. Col-1 in PDC sample shows more ordered collagen structure compared to SBC. In both PDC and 
SBC, the collagen fibers restructured probably affected by the ionic detergents (SDS). b) box plot showing PDC 
retaining significantly lower DNA content after decellularization compared to pre- and SBC samples. c) f-actin 
intensity are highly variable after decellularization the SBC samples, whereas in PDC samples the removal of f-actin 
was more predictable. d) shows higher retained collagen content in PDC compared to SBC (p<0.05) while both PDC 
and SBC retained (74.88 ± 4.8 and 72.21 ± 19.92) respectively. e) retained CEMP1 content is similar in PDC and 
SBC specimens.  

c)
 

b)
 

a)
 

c)
 

d)
 

e)
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3.4 Recellularization 

The recellularization potential of the ECM coated PDA and SB specimens was assessed using 

immunofluorescence. Descriptive analysis of the images shown (Figure 7), reveal an apparent 

higher cell attachment and spread in PDA-ECM specimens at 3 days post-recellularization. After 

14 days, the difference becomes less pronounced as cells reach confluence. Nevertheless, these 

images indicate successful repopulation of the decellularized ECM scaffolds. 

 

 

3.5 Gene expression 

Gene expression analysis revealed significant transcriptional changes in human periodontal 

ligament fibroblasts (hPDLFs) following different treatment regimens, with pronounced 

modulation of both cementogenic and osteogenic marker genes. Comprehensive qRT-PCR 

Figure 7. RGB image set showing DAPI, Phalloidin, of cells 3 days and 14 days after recellularization.  
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assessment demonstrated distinctive expression patterns that strongly correlated with the 

phenotypic characteristics observed in the immunofluorescence and ultrastructural analyses. 

The cementogenic marker CP23 (cementum protein 23) exhibited substantial upregulation in 

experimental groups compared to controls. PDC showed the most dramatic increase with a 10.3-

fold elevation (p<0.001) relative to the SB control group. SBC-treated cells also demonstrated 

significant CP23 upregulation, though to a lesser extent, with a 4.4-fold increase (p<0.001) 

compared to controls. The difference between PDA and SBC groups was also statistically 

significant (p<0.001), indicating the superior capacity of PDA treatment to induce CP23 

expression. Cementum attachment protein (CAP) expression followed a similar pattern, with 

PDA treatment inducing a 6.7-fold increase (p<0.001) and SBC treatment yielding a 2.4-fold 

increase (p<0.05) compared to SB controls. The enhanced CAP expression in PDA versus SBC 

samples further supported the differential efficacy of these treatments. CEMP1 (cementum 

protein 1) transcription showed upregulation in treated groups, corroborating the protein-level 

findings observed in immunofluorescence studies. PDA-treated hPDLFs exhibited a 5.2-fold 

increase in CEMP1 expression (p<0.001) compared to controls, while SBC treatment resulted in 

a 2.3-fold increase (p<0.01). The higher expression in PDA versus SBC samples (p<0.001) 

further suggests the superior cementogenic potential of PDA treatment. Bone sialoprotein (BSP), 

a marker associated with mineralized tissue formation, showed significant upregulation in 

experimental groups. PDA treatment induced a 2.9-fold increase in BSP expression (p<0.01) 

compared to controls, while SBC treatment yielded a 2.1-fold increase over control (p<0.05).  

In contrast to the cementogenic markers, osteogenic differentiation genes displayed significant 

downregulation in experimental groups. Alkaline phosphatase (ALP), a key early marker of 

osteoblastic differentiation, showed a substantial decrease in expression following treatment. 
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PDA exhibited a 38% reduction in ALP transcription (p<0.05) compared to controls, while SBC 

treatment resulted in a 48% decrease (p<0.05). This differential suppression indicated that PDA 

treatment more potently redirected cellular differentiation away from the osteogenic pathway. 

Similarly, sclerostin (SOST), a negative regulator of bone formation, was markedly 

downregulated in treated groups. PDA treatment induced a 52% reduction in SOST expression 

(p<0.05) relative to controls, while SBC treatment resulted in a 66% decrease (p<0.05) (Figure 

8).  

 
*: p<0.05, **: p<0.01, *** p<0.001 

Figure 8. Fold change bar chart using the 2-ΔΔCT method. All values were normalized to GAPDH 
as the reference gene and SB as control. There is a significant upregulation of key cementogenic 
markers (CP23, CEMP1, and CAP) as well as the osteogenic marker BSP in polydopamine-ECM 
coated (PDC) samples compared to both sandblasted-ECM coated (SBC) samples and 
sandblasted control (SB) samples. 
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4. Discussion 

Titanium implants have been widely used in dentistry owing to their biocompatibility, high 

success rates, and long-term stability45. However, differences in the biomechanics and peri-

implant tissue biology between implants and natural teeth has led to an upward trend of peri-

implant disease27,37. Osseointegrated implants exhibit weaker tissue attachment24, higher degrees 

of inflammation, and more virulent pathogens31. In addition, reduced vascularity exacerbates 

disease progression due to lack of nutrients and cell diffusion21. Numerous studies have 

investigated the formation of peri-implant ligaments similar to natural teeth’s periodontal 

ligaments20,41,42,44,91. However, limitations of these protocols include complexity, need for 

sophisticated processing, and poor long-term longevity. Polydopamine is an adhesive molecule 

inspired from mussel feet can form on many different surfaces, including titanium92. PDA has 

been used to as an immobilization molecule for different growth factors 92, collagen 71, and silver 

ions for a bacterial resistant surface 89. Use of decellularized ECM based scaffolds have been 

reported75,76,93. Some studies have shown that ECM can be used for periodontal regeneration 

procedures 74,75.  In this study, we proposed a PDA-ECM coating to induce cementogenic 

differentiation of hPDLFs, with the aim of forming peri-implant ligament in vivo. The results of 

our in vitro investigation suggest that polydopamine-ECM coated titanium can alter the 

phenotype expression of PDLFs towards cementogenic phenotype. 

At first, we used discs that were machined from a titanium sheet in-house. Those discs were 

sand-blasted then acid etched to produce a medium-rough titanium surface. When coated with 

polydopamine, we observed a non-uniform texture and color, indicating that polydopamine’s 

thickness varied across the sample. While this was undesirable, this is in-line with previous 
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studies discussing the effect of surface roughness on PDA coatings 49,70. Interestingly, PDA film 

thickness can be affected by the concentration, incubation time, oxygen content, and pH51,94,95. 

The quantitative assessment using of immunofluorescence signals revealed significant 

differences between experimental groups that correlate with the structural observations from our 

SEM analysis. Immunofluorescence showed typical elongated, spindle-shaped hPDLFs, which 

also exhibited extensive cellular projections forming interconnected networks, indicative of 

healthy cell growth and communication. The observed cell lengths of 50-80 μm align with 

typical fibroblast dimensions reported in the literature (Jones et al., 2019). Type I collagen, 

visualized with RRX immunolabeling, demonstrated similar content in PDA specimens (42.3 ± 

5.7% of total area) compared to SB specimens (33.6 ± 12.9%). Interestingly, there was a 

significantly higher cell number on the PDA coated specimens compared to SBC. These findings 

may suggest that cell number does not necessarily mean increased cellular activity when above a 

certain threshold 96–98. Some studies suggest that the high ECM density may affect the cells 

ability to interact through surface receptors 96. Which may act as a barrier to influence cell 

behavior and activity.  PDA specimens also exhibited similar  CEMP1 levels with mean intensity 

(133.7 ± 12 arbitrary units (AU)) compared to SB specimens (118 ± 31 AU). This similarity can 

be explained by the same reasons mentioned above. We observed, however, a distinct 

localization pattern of CEMP1, with pronounced expression at the cell periphery and within 

secreted matrix components. We have established an understanding of Cemp1's role in 

cementogenesis and periodontal regeneration (Alvarez-Pérez et al., 2006; Komaki et al., 2012). 

The clustered distribution of CEMP1-positive regions in PDA samples, primarily associated with 

areas of high cell density, suggests a coordinated cellular response to PDA treatment that may 

involve signaling mechanisms. This may facilitate the establishment of specialized 
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microenvironments conducive to cementogenic differentiation79,96,99. This observation aligns 

with the concept that local cell density influences extracellular microenvironment formation, 

potentially through concentration gradients of secreted factors and cell-cell communication 

(Green & Yamada, 2007). 

Quantitative analysis of cell nuclei after decellularization provided valuable information about 

decellularization protocol. We tuned decellularization parameters to maximize removal of cell 

components, while maximizing retention of the extracellular matrix proteins. Several studies 

reported decellularization protocols 73,74,76. However, none of these protocols attempt 

decellularization of ECM on a titanium substrate. In addition, the decellularization method can 

alter the ability of ECMs to function in hydrogel-based matrices. Weakening their effectiveness 

to retain functional collagen structure and retention.100. Although the use of 0.25% SDS showed 

high DNA content removal, several publications suggest more robust removal of cellular content 

using 0.5% SDS formulations 101–103. However, the same studies reported lower remaining 

collagen content compared to 0.25%, or lower, SDS solutions. SDS is a strong ionic detergent, 

using it in moderate doses can facilitate the removal of the majority of the DNA and cellular 

components. The addition of Triton X-100 as a second detergent, serves a dual purpose. First, it 

has a synergistic effect with the 0.25% SDS facilitating clearance of DNA100. Second, through 

micelle formation, Triton X-100 helps reduce free SDS104. This is particularly important as 

remaining SDS can be extremely detrimental to the downstream recellularization process.  While 

both PDC and SBC specimens demonstrated successful removal of cellular components, the 

removal in PDC samples was more consistent. Specifically, the PDC samples showed uniform F-

actin retention (54.4% ± 2.0%) compared to the more variable results observed in SBC samples 

(56% ± 12.3%). This reduced variability in PDC samples suggests a more predictable and 
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standardized decellularization process that could be attributed to the PDA’s hydrophilic surface. 

More significantly, we observed statistically higher collagen content (0.068 ± 0.0052) in PDC 

than SBC samples (0.053 ± 0.01) post-decellularization. This is a key finding considering the 

critical role of collagen in providing both structural support and biochemical cues for cell 

adhesion, migration, and differentiation. Additionally, the higher collagen content may cause 

activation of the Wnt/b-Catenin pathway leading to cementogenisis86. The preservation of 

collagen in PDC samples may indicate their enhanced potential as scaffolds for periodontal tissue 

regeneration, where maintenance of native ECM composition and architecture is essential for 

guiding proper tissue formation. There was a similar reduction in CEMP1 content between both 

specimen types (24.7% ± 5.2%). Given CEMP1's known role in cementogenesis and periodontal 

attachment, future optimization of our protocol might be warranted to minimize CEMP1 

solubilization. Collectively, these findings support the preferential use of PDA-ECM-derived 

specimens for cementogenic differentiation of fibroblasts. 

The gene expression analysis indicates changes in phenotypic expression of hPDLFs afte 

recellularization on PDA-coated and SB samples. The significant upregulation of cementogenic 

markers (CP23, CAP, CEMP1, and BSP) coupled with downregulation of osteogenic markers 

(ALP and SOST) indicates a shift toward cementogenic rather than osteogenic differentiation in 

PDC and SBC samples, with PDC exhibiting the most pronounced effect. The activation of 

Wnt/β-catenin and BMP signaling pathways in PDA-treated cells suggests that type-1 collagen 

and Cemp1 play roles in mediating the cementogenic differentiation. These findings align with 

previous studies implicating these pathways in cementum formation and regeneration (Han et al., 

2015; Nemoto et al., 2016) and provide potential targets for further enhancing cementogenic 

outcomes in peri-implant cementum regeneration therapies. 
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Implications  

The ability of PDA-ECM coated titanium to induce cementogenic differentiation and enhance 

the production of a structured, protein-rich extracellular matrix suggests its potential as a 

therapeutic agent for promoting cementum regeneration on titanium surface. The preserved 

structural integrity and bioactive component retention in decellularized PDA-derived matrices 

indicate their potential utility as acellular scaffolds while reducing risks of immunogenic 

reactions. These matrices could provide biological cues to guide endogenous cell recruitment and 

differentiation in vivo, potentially leading to more predictable and functional tissue regeneration 

outcomes.  

Limitations and Future Directions 

Future research directions should include in vivo validation of these findings in appropriate 

animal models, investigation of the long-term stability and integration of PDA-ECM-induced 

cementum, and exploration of combinatorial approaches incorporating PDA with other bioactive 

factors such as IGF, FGF-2, GDF-5, or cell-based therapies to further enhance regenerative 

outcomes. The results of this study, although indicating cementogenic differentiation, do not 

necessarily guarantee success of in vivo formation of cementum. There are many factors left to 

discuss in future studies, such as different cell populations, and coating stability. However, our 

work establishes a research line for the use of PDA-ECM coatings, and I aim to continue 

developing and optimizing this novel approach to generating PIL.  

5. Conclusion 
In conclusion, the multi-faceted analysis of PDA and SB specimens has revealed significant 

differences in their effects on human periodontal ligament fibroblasts, with PDA demonstrating 

superior capacity to induce cementogenic differentiation and enhance the production of a well-
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organized, protein-rich extracellular matrix. These findings provide strong support for the 

potential application of PDA in peri-implant ligament formation and establish a solid foundation 

for future research aimed at optimizing its therapeutic efficacy. The integration of structural, 

cellular, and molecular analyses has yielded a comprehensive understanding of the underlying 

biological processes, which will inform the development of more effective strategies for 

promoting cementum regeneration in clinical settings. 
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6. Appendices 

R script for Shiny App (app.R) for cleaning and organizing raw qPCR values (sample, 
temperature, and fluorescence) 

library(shiny) 
library(tidyverse) 
library(openxlsx) 
 
# Utility function to parse well ranges like A1:C5 
parse_well_range <- function(range_str) { 
  range_str <- gsub("\\s", "", range_str) 
  parts <- unlist(strsplit(range_str, ":")) 
  start_row <- substr(parts[1], 1, 1) 
  end_row <- substr(parts[2], 1, 1) 
  start_col <- as.numeric(gsub("[A-Z]", "", parts[1])) 
  end_col <- as.numeric(gsub("[A-Z]", "", parts[2])) 
  expand.grid( 
    Row = LETTERS[match(start_row, LETTERS):match(end_row, LETTERS)], 
    Col = start_col:end_col 
  ) %>% 
    mutate(Pos = paste0(Row, Col)) %>% 
    pull(Pos) 
} 
 
ui <- fluidPage( 
  titlePanel("Roche qPCR Cleaner"), 
 
  sidebarLayout( 
    sidebarPanel( 
      fileInput("file", "Upload Roche TXT File"), 
 
      numericInput("n_samples", "Number of Samples", value = 2, min = 1, max = 20), 
      uiOutput("sample_inputs"), 
 
      selectInput("gene_map_type", "Gene Map by:", choices = c("Row", "Column")), 
      textAreaInput("gene_map", "Gene Map (e.g., A=GAPDH, B=ALP)",  
        "A=GAPDH, B=ALP, C=ALP2, D=BSP, E=CEMP, F=CEMP2, G=CP23, H=PPIB"), 
 
      selectInput("dilution_map_type", "Dilution Map by:", choices = c("Row", "Column")), 
      textAreaInput("dilution_map", "Dilution Map (e.g., 1=1x, 2=1x, 3=2x)",  
        "1=1x, 2=1x, 3=2x, 4=2x, 5=4x, 6=4x, 7=8x, 8=8x, 9=16x, 10=16x, 11=Water, 12=Water"), 
 
      downloadButton("downloadData", "Download Cleaned CSV") 
    ), 
 
    mainPanel( 
      tableOutput("preview") 
    ) 
  ) 
) 
 
server <- function(input, output) { 
  output$sample_inputs <- renderUI({ 
    n <- input$n_samples 
    sample_ui <- lapply(1:n, function(i) { 
      tagList( 
        textInput(paste0("sample_name_", i), paste("Sample", i, "Name"), paste0("Sample", i)), 
        textInput(paste0("sample_range_", i), paste("Sample", i, "Range (e.g., A1:C5)"), "") 
      ) 
    }) 
    do.call(tagList, sample_ui) 
  }) 
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  get_cleaned_data <- reactive({ 
    req(input$file) 
    raw <- read_tsv(input$file$datapath, col_types = cols(.default = "c")) %>% 
      rename( 
        Pos = SamplePos, 
        Program = `Prog#`, 
        Segment = `Seg#`, 
        Cycle = `Cycle#`, 
        Temperature = Temp, 
        Fluorescence = `465-510` 
      ) %>% 
      mutate( 
        Row = substr(Pos, 1, 1), 
        Column = as.numeric(gsub("[A-Z]", "", Pos)), 
        Program = as.numeric(Program), 
        Cycle = as.numeric(Cycle), 
        Temperature = as.numeric(Temperature), 
        Fluorescence = as.numeric(Fluorescence) 
      ) %>% 
      filter(Program %in% c(2, 3)) 
 
    # Sample map 
    sample_df <- tibble() 
    for (i in 1:input$n_samples) { 
      sample_range <- input[[paste0("sample_range_", i)]] 
      sample_name <- input[[paste0("sample_name_", i)]] 
 
      if (nzchar(sample_range) && nzchar(sample_name)) { 
        sample_df <- bind_rows( 
          sample_df, 
          tibble(Pos = parse_well_range(sample_range), Sample = sample_name) 
        ) 
      } 
    } 
 
    data <- raw %>% left_join(sample_df, by = "Pos") 
 
    # Gene map 
    gene_map <- str_split(input$gene_map, ",")[[1]] %>% 
      str_trim() %>% 
      set_names(nm = str_extract(., "^[^=]+")) %>% 
      map_chr(~str_trim(str_split(.x, "=")[[1]][2])) 
 
    # Dilution map 
    dilution_map <- str_split(input$dilution_map, ",")[[1]] %>% 
      str_trim() %>% 
      set_names(nm = str_extract(., "^[^=]+")) %>% 
      map_chr(~str_trim(str_split(.x, "=")[[1]][2])) 
 
    data <- data %>% mutate(Gene = if (input$gene_map_type == "Row") gene_map[Row] else 
gene_map[as.character(Column)]) 
    data <- data %>% mutate(Dilution = if (input$dilution_map_type == "Row") dilution_map[Row] else 
dilution_map[as.character(Column)]) 
 
    cleaned <- data %>% 
      filter(!is.na(Sample), !is.na(Gene), !is.na(Dilution)) %>% 
      select(Pos, Sample, Gene, Dilution, Program, Cycle, Temperature, Fluorescence) 
 
    cleaned 
  }) 
 
  output$preview <- renderTable({ 
    head(get_cleaned_data(), 10) 
  }) 
 
  output$downloadData <- downloadHandler( 
    filename = function() { 
      paste0("cleaned_qpcr_", Sys.Date(), ".csv") 
    }, 
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    content = function(file) { 
      write_csv(get_cleaned_data(), file) 
    } 
  ) 
} 
 
shinyApp(ui = ui, server = server) 

 
 

R script for Shiny App (app.R) for processing qPCR data  

OpenDocument 
Text  

This script is very long. Please click on the icon to view it. 
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