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Abstract: Collagen, the primary structural protein in thér@eellular matrix, has gained significant attentés a surface
modification agent for biomaterials due to its gx@nal biocompatibility, bioactivity, and abilitip promote cellular
adhesion and proliferation. Collagen coatings eobame integration of synthetic and natural biomalewith biological
tissues, making them highly relevant in biomed@&aineering, regenerative medicine, and implantagldical devices.
This review explores the mechanisms by which cellegpatings improve biomaterial properties, inaigdieir role in
modulating surface chemistry, hydrophilicity, andllalar interactions. Furthermore, we discuss vai@oating
techniques, such as adsorption, covalent bindingd, edectrospinning, and their implications for optiing material
performance in biomedical applications. The adwgesaof collagen coatings in orthopedic, dental, @ardiovascular
implants, as well as wound healing and drug deliwrstems, are also examined. By highlighting tbeemtial of
collagen-functionalized surfaces, this article jeg insight into the future directions of biomé&kinnovation aimed at
improving patient outcomes and medical device affjc

1 Introduction implantology, cardiovascular stents, wound healemggl

Biomaterials play a fundamental role in moder¢ontrolled drug delivery (Table 1). Despite its rarous
medicine, particularly in applications such as fiveics, advantages, several challenges remain in termsnuf-|
implants, and tissue engineering scaffolds [1,welver, term stability, degradation kinetics, and largelesca
many biomaterials, including metals (e.g., titaniamd Manufacturing. This review provides a comprehensive
stainless steel), ceramics (e.g., hydroxyapatig)d analysis of collagen coating methodologies, theipact
polymers (e.g., polylactic acid and polyethylengcgl), ©On biomaterial ~properties, and their biomedical
lack the inherent bioactivity necessary for optimakpplications [8]. Harnett etal. calculated theaee energy
integration with biological tissues [3]. A majoratkenge ©Of various tissue culture substrates (polystyresileon,
in biomaterial science is developing surfaces sugiport Silicon dioxide, and indium tin oxide) before anflea
cell adhesion, proliferation, and tissue regenemaihile ~coating with adhesion molecules (collagen, fibrdingc

preventing immune rejection or fibrotic encapselati Poly-l-omithine, and poly-d-lysine) to assess thei
[4,5]. hydrophobicity. Wetting experiments with culture dize

Collagen, as the most abundant structural proteindg  and saline revealed that fibronectin consistentyted the

ECM, provides a bioactive and biocompatible surfac@ost hydrophobic surface, while the hydrophiliciby
modification  strategy that enhances cell-materid@ther coatings depended on the underlying substrate
interactions (Figure 1). The presence of integiivding ~ Providing insights relevant to cell manipulation dan
sites (e.g., RGD sequences) within collagen alldevs biomedical research [9].
direct interaction with cell surface receptors, meoting Nagai et al. in their study examined the effect of
cytoskeletal ~ organization, cell migration, andcollagen coating on titanium implants by evaluatthg
differentiation. Furthermore, collagen coatingsluiafice initial attachment of human gingival fibroblastsdatheir
hydrophilicity, charge distribution, and proteirsadption, morphological changes using SEM. Results showed tha
factors that collectively impact material perforrmanin ~ collagen coating enhanced cell attachment and frxno
vivo [6,7]. the formation of lamellipodia and filopodia, sugtjes its
The use of collagen coatings has been explorecsscriotential to improve peri-implant soft tissue inttgpn
multiple disciplines, including orthopedic and dant [4]-
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Figure 1 Different collagen structures, including monomers, triple helices, collagen 1V trimers, and collagen fibers, highlighting
their organization and role in the extracellular matrix (created with Biorender.com)

Table 1 Uses of collagen coating [5,10,11,12] Table 2 Methods of collagen coating [15-17]
Application Coated material Function Coating Metho . Advantage . Limitations
Area Simple, cost-effective, Weak adhesion
Orthopedic L Improves Adsorption preserves collagen .’
Titanium - . prone to desorption
Implants osseointegratic structur
] ) Enhances bone . _May alter collagen
Dental Materials ~ Hydroxyapatite bondi Covalent  Strong adhesion, long bioactivity, requires
onaing Binding term stability, bioactivi chemical
Cardiovascular Metal stents Reduces sites remain functional modification:
Stent: thrombogenicit Complex
Wound 0o oal dressings Accelerates tissue - Mimics ECM, high ¢ ication, requires
Dressing yarog g regeneratio Electrospinning porosny,rsxt)g)orts cell specialized
9 equipmer

2 Methods of Collagen coating Layer-byLayer 1unable thickness, - Time-consuming,

The effectiveness of collagen coatings in biomddica ~ (Lpl) controlled release  requires multiple
applications depends significantly on the methoetiusr properties processing steps
their deposition onto biomaterial surfaces (Table 2
Various techniques have been developed to improee t2.1  Adsorption method
adhesion, stability, and bioactivity of collagepdss, each The adsorption method is based on the spontaneous
tailored to specific applications. The selectioraafoating adhesion of collagen molecules onto the surface of
method influences the long-term performance of theiomaterials through non-covalent interactionsluding:

biomaterial, as it determines not only the mecharaad » Electrostatic forces — Arise due to charge
chemical stability of the collagen layer but alsoability differences between collagen and the substrate
to support cellular interactions [13,14]. surface.

e Hydrophobic interactions -  Collagen

adsorption is often influenced by the
hydrophobicity of the biomaterial.
* Hydrogen bonding— Occurs between functional
groups on the biomaterial and collagen molecules.
* Van der Waals forces— Weak interactions that
contribute to molecular adhesion.

~ 26 ~

Copyright © Acta Tecnologia, www.actatecnologia.eu



Acta Tecnologia - International Scientific Journal about Technologies
Volume: 11 2025 Issue: 1 Pages: 25-30 ISSN 2453-675X

Enhancing biomaterial performance: the advantages and applications of Collagen coating
Darina Bacenkova, Marianna Trebunova, Jana Cajkova

This method is widely used due to its simplicitgse 2.2.1 Crosslinking strategies for Covalent binding
effectiveness, and ability to preserve collagerasiva Several chemical crosslinking strategies have been
structure. It is particularly effective for polynseland developed to achieve covalent binding of collagen t
metallic biomaterials, where collagen can adhessipaly biomaterials:

without requiring chemical modification [17,18]. e Glutaraldehyde Crosslinking: This approach
The primary advantage of adsorption is d@se of involves the reaction between aldehyde groups
application and preservation of collagen’s native and primary amines on collagen and biomaterial
structure, as the process does not involve harsh chemical surfaces, forming Schiff base linkages. While
modifications that could alter its bioactivity. Bhinethod highly effective, residual glutaraldehyde can be
is highly suitable fometallic, polymeric, and ceramic cytotoxic, necessitating additional washing or
biomaterials used in orthopedic and dental implants. neutralization steps.
Additionally, it allows forrapid processing and cost- « Carbodiimide Chemistry (EDC/NHS): This
effective production, making it an attractive option for method activates carboxyl groups on collagen,
large-scale applications. Jacquermat et al. study allowing their reaction with amine-containing
investigated the supramolecular organization ofagein biomaterials to form stable amide bonds. This
adsorbed on polystyrene under varying adsorption technique is more biocompatible than
durations and drying conditions using AFM, XPS, glutaraldehyde  crosslinking and  retains
radioassays, and wetting measurements. Resultseshow collagen’s bioactivity.
that collagen adsorption plateaued after 5 hoorsihg a « Diisocyanate Crosslinking: This strategy forms
dense felt-like layer, with slow drying causing urethane linkages between hydroxyl or amine
reorganization due to dewetting, while fast dryied to a groups of collagen and biomaterials, commonly
more stable structure [14]. used for polymeric scaffolds [23].

Despite its simplicity, adsorption suffers fropoor

long-term stability, as collagen layers are prone to Covalent immobilization significantly improves
desorption when exposed to bodily fluids and coitipet coating stability, durability, and mechanical resite,
protein interactions. This instability is partictia making it ideal for implants and scaffolds that mus
problematic in dynamic environments, suchvascular maintain bioactivity over long periods. However,
implants, where fluid shear forces can rapidly remove thgxcessive crosslinking can reduce the natural Hikityi
adsorbed collagen layer. To improve adhesion, sefée-  and bioactivity of collagen, potentially alterinig iability
treatment methods such plssma treatment, oxidation, to interact with cells. To mitigate this, dual csltisking

or polyelectrolyte layeringare often employed to increasestrategies that combine synthetic and enzymatic

the affinity of collagen for the biomaterial [19]. crosslinkers (e.g., genipin) are being explored.[24
o Myles et al. study developed a method to covalently
2.2 Covalent binding couple adhesion peptides containing the arginigeias-

Covalent binding methods offer a more stablaspartic acid (RGD) sequence to type | collagenamars
alternative to adsorption by chemically attachiojagjen before fibrillogenesis, using a heterobifunctiocalipling
molecules to the biomaterial surface. This progessves agent to form stable bonds. The modified collagdained
the formation of permanent chemical bonds betweesimilar microstructure and gelation properties as
collagen’s functional groups (such as amine or @gyb unmodified collagen, while enhancing cell adhesiom
groups) and reactive sites on the biomaterial. @ota dose-dependent manner, demonstrating its potefatial
immobilization is widely employed in applicationscontrolled cell localization in tissue engineering
requiring long-term bioactivity and resistancernaymatic applications [16].
degradation, such as load-bearing implants and
cardiovascular grafts [20,21]. 2.3 Electrospinning

Yang et al. modified poly(L-lactic acid) (PLLA) by  Electrospinning is a versatile technique that adidor
covalently grafting collagen via gamma irradiatimith  the deposition of collagen nanofibers onto biomaker
poly(acrylic acid) as a coupling agent, achievindose- surfaces, creating a highly structured, biomimetating
dependent grafting yield exceeding 7% at 21 kGyhat closely resembles the extracellular matrixNBCT his
Characterization by XPS, swelling experiments, angrocess involves applying a high-voltage elecigttfto a
immunostaining  confirmed  successful  collagemollagen solution, which causes the formation tfafihe
attachment, crosslinking, and retention of biolafic fibers that are collected onto a substrate. Theltieg
active binding sites, demonstrating the potentfathis  coatings exhibit high porosity, controlled fibeiemtation,
method for enhancing scaffold biocompatibility issie and tunable mechanical properties, making eledmosm
engineering [22]. particularly useful for tissue engineering, wourehling,

and scaffold fabrication [25].
Dupont-Gillian’s study developed a strategy to tzea
nanoscale polymer surface architectures by adsprbin
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collagen onto PMMA, drying it at different ratesidathen 4 Conclusion

Spiﬂ-Coating PMMA solutions over it. The reSUlting Co”agen Coatings have emerged as a powerful gy‘ate
surfaces, analyzed by AFM and XPS, showed thaagell  for enhancing the bioactivity and biocompatibilityf
layers influenced PMMA dissolution and redepositionpjomaterials across various biomedical applicatidys
enabling the formation of controlled surface top@gties promoting cell adhesion, proliferation, and intdigrawith
with pits or cavities depending on drying condiscend pjological tissues, collagen-functionalized surfaptay a

PMMA concentration [15]. critical role in improving the performance of orfieslic
) _ implants, dental materials, cardiovascular devieesjnd
3 Discussion dressings, and drug delivery systems. The selecti@m

The findings presented in this review highlight theappropriate coating technigue—whether adsorption,
critical role of collagen coatings in enhancingrbaierial covalent binding, or electrospinning—significantly
performance across various biomedical applicati®ys. influences the stability, functionality, and loreyh
modifying surface chemistry, hydrophilicity, andefficacy of collagen coatings [5].
bioactivity, collagen coatings improve cellular Despite their numerous advantages, challengesasich
interactions, thereby promoting adhesion, prolifera coating degradation, variability in collagen sostcand
and integration with biological tissues. These @ffeare large-scale manufacturing constraints must be addtkto
particularly beneficial in implantology, tissue émegering, optimize clinical translation. Future research $tidacus
and regenerative medicine, where successful biorahte on  refining coating methodologies, developing
integration is paramount [26,27]. crosslinking strategies that balance stability with

One of the most significant advantages of collagemioactivity, and exploring novel biomaterial-coléag
coatings is their ability to enhance cell adhegtmough composites for advanced regenerative medicine
integrin-mediated interactions. Studies demonsttateé applications. By continuing to innovate in this Idie
the presence of collagen coatings on metallic armbllagen coatings hold immense potential to improve
polymeric substrates leads to increased cellulaclatnent patient outcomes, enhance medical device perforepanc
and spreading, as observed in titanium implantsiémtal and contribute to the next generation of biomalteria
and orthopedic applications. The formation of ldipetlia  development [7,17].
and filopodia on collagen-coated surfaces furthdiciates While collagen is a widely used biopolymer for siag
improved cytoskeletal organization and migrationrmodification, other polymers such as chitosan, naiig,
potential, factors that are crucial for tissue regation polyethylene glycol (PEG), and polylactic acid (Plirave
[7,21]. also been explored for their bioactive propertiEisese

Additionally, collagen coatings influence bioma&ri polymers offer unique advantages, including antiygal
hydrophilicity, which plays a vital role in protein effects, controlled degradation rates, and tunable
adsorption and cellular response. Hydrophilic te$aare mechanical properties, making them suitable alteres
generally more favorable for cell attachment, andr complementary materials to collagen in biomddica
collagen’s ability to modulate this property prosgda applications [31,32].
strategic advantage in designing biomaterials redldor
specific applications. However, variations in cgéa layer Acknowledgement
stability across different coating techniques pmesa The state grant agency supported this article pritfiects
challenge. Adsorbed collagen layers, while simptel a KEGA 018TUKE-4/2023 and VEGA 1/0403/25.
cost-effective, often lack long-term stability dieeweak
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