View Article Online

View Journal

M) Cneck tor updates

Applied Interfaces

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: A. Ozgun and F.
Variola, RSC Appl. Interfaces, 2026, DOI: 10.1039/D6LFO0058D.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been accepted
for publication.

Applied Interfaces

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

o
-

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY .
OF CHEMISTRY rsc.li/RSCApplinter

(3


http://rsc.li/RSCApplInter
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6lf00058d
https://pubs.rsc.org/en/journals/journal/LF
http://crossmark.crossref.org/dialog/?doi=10.1039/D6LF00058D&domain=pdf&date_stamp=2026-04-27

Page 1 of 37 RSC Applied Interfaces

View Article Online
DOI: 10.1039/D6LFO0058D

Precision Surface Engineering of Metallic Biomaterials: Translating Cell-Instructive

Nanoscale Topographies from Bench to Bone-Interfacing Implants

Alp Ozgun', Fabio Variola?>*

! Unaffiliated

2 Faculty of Engineering, Department of Mechanical Engineering, University of Ottawa, Ottawa
K1IN 6NS5, Canada

3 Ottawa-Carleton Institute for Biomedical Engineering (OCIBME), Ottawa KIN 6N5, Canada

4 Department of Cellular and Molecular Medicine, University of Ottawa, Ottawa KIN6N5, Canada

> Children’s Hospital of Eastern Ontario (CHEO), Ottawa K1H 8L1, Canada

*Corresponding author: fabio.variola@uottawa.ca

Abstract

Metallic biomaterials remain foundational to orthopedic, spinal and dental implants owing to their
mechanical properties, corrosion resistance and biocompatibility. Yet, unsatisfactory
osseointegration and implant failure persist, often driven by limited stability, poor bone quality
and dysregulated host immune responses. Over the past two decades, nanoscale surface

engineering has consolidated its role as a powerful strategy to tune early cell-material interactions

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and downstream tissue remodeling, with compelling evidence that nanotopographical features

regulate cell- and tissue-level functions. Despite a large mechanistic and preclinical literature,
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clinical translation of cell-instructive nanotopographies remains constrained by manufacturing

(cc)

scalability on complex 3D implant geometries, metrological and process reproducibility, and an
enduring in vitro—in vivo disconnect driven by factors such as simplified test systems, dynamic
protein adsorption phenomena and interspecies variability, among others. In this perspective, we
examine precision nanoscale topographical control as a design variable for bone-interfacing
metallic implants and synthesize advances in top-down and bottom-up nanofabrication routes,
from deterministic lithographies to scalable anodization and laser texturing. We critically evaluate
preclinical model systems spanning 2D assays, 3D and microphysiological platforms, ex vivo
tissues and animal studies, emphasizing how model selection shapes mechanistic inference and
translational predictability. Finally, we discuss potential pathways toward clinical adoption to
enable next-generation implant surfaces that deliver effective osseointegration and long-term

clinical performance.
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1. Introduction

Metallic biomaterials (e.g., titanium, stainless steels, cobalt-chromium alloys, tantalum) have
revolutionized orthopedic, spinal and dental implants by combining a native biocompatibility with
mechanical strength, tribological performance, corrosion resistance and scalable manufacturing
processes. | Despite these benefits and their widespread use, challenges in achieving optimal
osseointegration (i.e., the creation of a stable interface between the host bone tissue and the implant
surface for structural and functional support) and long-term success are frequently associated with
factors such as poor implant stability, insufficient bone quality at the interface and adverse host
immune response, all of which can compromise the biological fixation process and may ultimately
result in implant loosening and/or premature failure. 1+ To address these limitations and enhance
the biological integration of metallic biomaterials, considerable research has focused on modifying
the physicochemical properties of implant surfaces to improve their interactions with the
surrounding tissues.”® Among the strategies adopted to promote a more effective and durable
osseointegration, designing the nanoscale surface topography has rapidly emerged as a particularly
effective approach to control key cell- and tissue-level events at the bone-implant interface.!-10-12
In fact, it is now well know that the nanotopographical features of surfaces influence cell adhesion,
alignment, migration, proliferation and differentiation in vitro, 13-1¢ while also modulating the
early immune response '"-'% and bone remodeling processes in vivo, 1%2° which together are cell-
and tissue-level phenomena that contribute to determine peri-implant bone formation and
mechanical fixation over time. However, despite a large body of literature reporting extremely
promising nanostructured biomaterials for prospective use in patients, the translation of scientific
discoveries into medically approved devices requires clinical validation and regulatory approval,
21 as well as scalable and cost-effective manufacturing processes. Several persistent roadblocks
continue to hinder the successful implementation of cell-instructive surfaces to the biomedical
implant manufacturing sector. For example, aside from scalability issues preventing promising
surface modification technologies developed in the laboratory to be applicable to the large surface
areas and complex geometries of biomedical implants (e.g., dental screw, spinal fixation devices)
without compromising accuracy and reproducibility, there is also a large knowledge gap between
in vitro research and the performance of biomaterials in humans. The exciting potential of
candidate biomaterials demonstrated in vitro under the simplified and physiologically unrealistic

conditions of conventional methods (i.e., 2-dimensional cell cultures) does not directly translate to

Page 2 of 37


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6lf00058d

Page 3 of 37 RSC Applied Interfaces

View Article Online
DOI: 10.1039/D6LFO0058D

the more complex architecture and dynamic nature of biological tissues. 2227 In addition,
interspecies differences and large experimental variability create a supplementary bottleneck in
biomaterials development during data extrapolation from animal testing to humans. 2227

This perspective article examines precision surface engineering and discusses challenges and
opportunities for the clinical adoption of cell-instructive nanotopographies for bone-interfacing
implants. Through a critical analysis of current limitations related, for example, to scalability,
throughput, reproducibility and the in vitro—in vivo disconnect, this work identifies the
foundational requirements for advancing nanoscale surface modification strategies toward next-
generation orthopedic, spinal, and dental implants designed to promote robust osseointegration
and long-term clinical success. Given the breadth and continued expansion of the field, this work
does not aim at providing an exhaustive survey of the literature, but instead focuses on
representative and illustrative studies to distill key principles, unresolved challenges and emerging

opportunities relevant to clinical translation.

2. The Biological Rationale for Nanoscale Topographical Precision
2.1. Cell-Surface Interactions: From Native ECM to Synthetic Metallic Biomaterials

Cells engage with biomaterial surfaces through integrins, transmembrane receptors capable of

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

recognizing specific motifs within the extracellular matrix (ECM), 28 including the RGD (arginine-
glycine-aspartic acid) sequence found in proteins such as fibronectin and vitronectin. 2° Upon

ligand binding, as shown in Figure 1, integrins undergo conformational changes that promote
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proteins clustering, initiating the formation of focal adhesions (FAs). These adhesion complexes
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serve as sites for signal transduction and mechanical linkage to the actin cytoskeleton, enabling
cells to sense and respond to the mechanical properties of their surroundings. 332 The assembly
of FAs involves the recruitment of proteins such as paxillin, talin and focal adhesion kinase (FAK).
Vinculin, another critical FA protein, is recruited to sites of adhesion, linking the integrin-talin
complex to the actin cytoskeleton. This connection enables the transmission of mechanical signals

from the ECM to the cell interior, a process known as mechanotransduction. 3932
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Figure 1: Integrins that bind to a ligand undergo conformational changes that start a cascade
resulting in formation of actin filaments. Mechanical properties of the substrate affect the amount

of tension reflected to the cytoskeleton. Created with Biorender.com

When compared to the native ECM, cells interact differently with the rigid surfaces of metallic
biomaterials, leading to distinct mechanotransductive processes that influence cell behavior and
functions. In the natural ECM, which exhibits a range of stiffness from soft (0.1-10 kPa for brain
and adipose tissues) to stiff (>1 MPa for bone and cartilage),’® cells engage with a three-
dimensional, fibrillar network composed of proteins like collagen, fibronectin and laminin. 28
Conversely, metallic surfaces present a two-dimensional, non-fibrillar and much stiffer
environment (e.g., Young’s modulus of ~ 110 GPa for titanium implants).!3 In addition, cellular
sensing during the first stage of cell-material interactions is mediated by a surface-bound adlayer
of soluble matrix proteins whose structural conformation, distribution and availability of cell-
binding domains are determined by the physicochemical properties of the underlying
nanostructured substrate (Section 2.2). ¢ When cells adhere to biomaterial surfaces, they form

larger and more stable FAs compared to those on softer, more compliant substrates.’* This
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phenomenon is attributed to increased traction forces generated by the cell, which are balanced by
a high cytoskeletal tension that is necessary for spreading. In turn, such strain results in higher
forces on the FAs, which are subsequently redistributed across a larger area via enhanced
recruitment and activation of FA-associated proteins to reduce the load for each ECM—cytoskeletal
linkage, ultimately preventing the adhesive cluster from detaching. 3>The elevated tension across
these adhesions promotes the assembly of robust stress fibers and activates downstream signaling
pathways, such as those involving FAK and Rho GTPases, 3¢ which regulate cytoskeletal dynamics.
The mechanical signals propagated through FA-associated pathways also critically influence
nuclear mechanotransduction via transcriptional regulators. One of the principal downstream
effectors of cytoskeletal tension is the Yes-associated protein (YAP), a mechanosensitive
transcriptional co-activator that translocates to the nucleus in response to elevated intracellular
tension. 163738 The activation of FAK and Rho GTPases enhances actomyosin contractility, and
the resulting increase in cytoskeletal tension promotes the nuclear localization of YAP, 363 where
it regulates gene expression programs involved in cell proliferation, survival and differentiation.
This mechanosensitive response enables cells to convert the mechanical properties of their

substrate into transcriptional outputs and, in turn, into long-term changes in cell behavior.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2.2. Nanoscale Topography as a Regulator of Cell Functions

Common nanotopographical features employed in the design of metallic biomaterials can be
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broadly classified into two main categories: nanoscale depressions/cavities (e.g., nanopits) and
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raised features (e.g., nanopillars). 1640 Additionally, more complex architectures such as nanowires,
nanogratings and hierarchical multiscale structures have been developed to direct cell- and tissue-
level functions. 1640

Nanotopographies have been shown to modulate the spatial organization of integrins and
influence the clustering dynamics necessary for FA assembly. 315 These physical features can
either promote or inhibit focal adhesion maturation by altering local adhesion strength and force
transmission at the cell-material interface. The resulting changes in FA size, density and spatial
arrangement in turn influence cytoskeletal tension, direct the alignment of actin stress fibers and
modulate cell polarity, migration and differentiation via the activation of mechanosensitive
signaling pathways such as those mediated by FAK and Rho GTPases.?6*4! Notably,

experimental evidence indicates that nanoscale topography modulates cellular mechanosensing to


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6lf00058d

Open Access Article. Published on 27 April 2026. Downloaded on 4/28/2026 3:11:58 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

View Article Online
DOI: 10.1039/D6LFO0058D

such an extent that it mimics, and even overrides, the effects of substrate stiffness. Specifically, it
was shown that neurons and stem cells cultured on rigid glass substrates engineered with
nanopillars behaved as if they were cultured on soft hydrogels, in response to the fact that both
cues regulate integrin receptor availability and focal adhesion dynamics. '3 The reduction in
available integrins caused by the nanotopography-induced membrane curvature disrupted focal
adhesion assembly, decreased cytoskeletal tension and promoted the disassembly of stress fibers,
13 thereby providing a mechanistic framework for the rational design of nanoscale surface features
on rigid materials that can effectively recapitulate the mechanobiological cues of native tissues.
From a mechanistic perspective, it was postulated that arrays of nanoscale protrusions with
spacings below 70 nm and diameters exceeding 70 nm generally do not affect integrin engagement
and the subsequent focal-adhesion reinforcement. 4? As the distance between protrusions increases
within the submicron range, particularly when the protrusion height remains below 70 nm, cells
regain access to the underlying substrate, thereby enhancing interactions with the nanostructured
surface. In contrast, taller protrusions restrict integrin binding to the planar surface and confine
focal-adhesion formation primarily to the feature apexes. > Notably, when feature diameters fall
below 70 nm and spacing exceeds 70 nm, integrin clustering becomes markedly disrupted, leading
to weakened cell adhesion and altered cytoskeletal organization. Similarly, the formation and
reinforcement of focal adhesions are profoundly influenced by the geometry of nanoscale pits.
When pit diameters are below 70 nm, integrin clustering and focal-adhesion assembly remain
largely unaffected, irrespective of pit depth. > As the lateral dimensions increase beyond this
threshold, particularly when the pit depth exceeds 100 nm, integrin organization becomes
perturbed, leading to diminished adhesion strength. Conversely, broader but shallower pits
promote integrin clustering, thereby reinforcing focal-adhesion formation. Notably, pits in the 70—
300 nm range arranged with minimal separation (<70 nm) disrupt integrin clustering and cellular
attachment, highlighting the delicate interplay between pit size, depth and spatial distribution in
orchestrating cell behaviour on nanostructured surfaces. 4? It is important to note, however, that
these threshold values described above are drawn from a single mechanistic framework. As
discussed in Section 5, other studies employing different feature types, fabrication methods and
biological models report partially divergent dimensional ranges associated with optimal integrin

engagement and focal adhesion assembly.
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In this context, while much attention has been given to the shape, size and density of nanoscale
features, an often overlooked yet critical parameter in the design of nanostructured surfaces is the
spatial distribution of these features, in particular the geometry, symmetry and order of their planar
arrangement. ¥ In fact, subtle variations in feature spacing are believed to determine whether
integrins can form stable clusters capable of supporting FA assembly and, in turn, initiating the
downstream mechanotransductive signaling. =% Seminal work by Dalby et al. demonstrated
experimentally that disordered nanopit arrays enhance focal-adhesion maturation and promote
osteogenic differentiation of mesenchymal stem cells, 647 indicating that cells do not only respond
to size/depth/spacing but also to the degree of spatial variation. Therefore, incorporating spatial
statistics into surface design offers a new complementary strategy alongside topographical and
mechanical cues for directing cell behavior on biomaterials.

Importantly, it should be noted that regardless of the geometrical characteristics of
nanotopographies, cells do not interact directly with the nanostructures but rather with the layer of
proteins adsorbed from the surrounding extracellular matrix (ECM) - or from the biochemical
microenvironment of in vitro systems (e.g., culture medium) - onto the material surface. ¢ The
resulting surface-bound protein adlayer influences focal adhesion assembly and guides

cytoskeletal organization as they probe the substrate. 4 Notably, not only the quantity but also the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

conformation of these adsorbed proteins critically influences the subsequent cellular colonization

of surfaces. Specifically, surface topography at the nanoscale can modulate protein folding,
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orientation and packing density, thereby altering the exposure of functional domains essential for

(cc)

integrin recognition and downstream signaling. 44930 In particular, these nanotopography-induced
conformational variations determine how effectively adhesion ligands are presented to cells,
influencing adhesion strength, focal adhesion assembly and the activation of mechanotransductive
pathways that ultimately guide cell fate decisions.*’

Taken together, the interplay between nanoscale geometry, spatial disorder and protein-
adsorption dynamics underscores the complex and multiscale mechanisms by which
nanotopography modulates cellular function and signaling, highlighting the need to translate these
mechanistic insights into predictive design principles for next-generation metallic implants.
Capturing this complexity through more realistic in vitro systems and computational modeling will
be essential to bridge mechanistic understanding with predictive in vivo performance in the next

generation of metallic implants.
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3. Advances in Precision Nanofabrication of Metallic Surfaces

The capacity to engineer metallic surfaces with nanoscale precision has transformed how
biomaterials are envisioned, and with the extensive body of in vitro and in vivo evidence now
available (Section 5), the field is increasingly closer to integrate these insights into next-generation
metallic implants with precisely tailored biological performance. As part of this broader evolution
in surface engineering, coating-based strategies (e.g., plasma spray, sol-gel deposition, PVD/CVD
processes, ion implantation) produce micro- and nano-structured thin films used to tailor functional
properties such as corrosion resistance, osseointegration and antimicrobial resistance, among
others. >'-33 However, the resulting topographical features belong to the deposited layer rather than
the metallic substrate itself, and their structure and functional role differ markedly from features
engineered within the metal. Because this perspective article is mainly centered on nanoscale
architectures formed intrinsically within metallic substrates, we do not provide an exhaustive
overview of coating technologies, except where such approaches are directly relevant to clinically
deployed implant systems and/or offer realistic pathways toward next-generation implant designs
(Section 6).

Several fabrication strategies possess the prerequisite for designing nanoscale surface
topographies of metals. Top-down approaches such as electron-beam (e-beam) lithography,
nanoimprint lithography (NIL), focused-ion-beam (FIB) milling, and laser ablation provide
deterministic control over feature dimensions and layout. A closer examination of their respective
benefits and constraints highlights the trade-offs inherent in each technique. Specifically, e-beam
lithography, although costly and low-throughput, allows a spatial resolution down to a few
nanometers, and has been instrumental in fabricating ordered nanopatterns on titanium substrates.
3435 In parallel, NIL offers a scalable, high-throughput route to replicate sub-nanometer patterns
over large areas and transfer them into metallic substrates. ® However, it requires a master mold
fabricated using another high-resolution patterning method, which adds an additional processing
step. Moreover, because NIL is fundamentally a planar replication technique, it cannot readily
produce complex 3D or multi-level nanostructures. 7 In addition, while FIB milling enables direct
modification to create custom-designed patterns, 380 its practical deployment is constrained by
the very high capital and maintenance costs of the instrumentation, as well as the need for
exceptionally stable ion sources and highly trained operators.’’ Finally, ultrafast laser ablation

offers rapid, mask-free patterning over comparatively large areas and is compatible with a wide
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range of metallic substrates, including medically relevant materials such as titanium, steel and NiTi
alloy. ©1-63 However, its achievable resolution (typically ~100 nm) is typically lower than that of
beam-based lithographies, and thermal effects may compromise feature fidelity depending on
pulse energy and material properties.®

In parallel, bottom-up methods have leveraged self-organization processes to generate
nanoscale architectures directly on metallic substrates. Among these, electrochemical anodization
has become a widely adopted strategy for producing arrays of nanotubes and additional
nanostructures (e.g., nanowires, honey-comb architectures) on passivating metals, mostly titanium
and its alloys. %3¢ Its simplicity, tunability and scalability make it particularly attractive for
biomedical applications (Section 6), as pore diameter and wall thickness can be adjusted by voltage,
electrolyte composition and time to control specific cellular functions. > Similarly, chemical
oxidation and hydrothermal treatments can induce TiO, nanowires or Mg(OH), nanosheets
formation, 773 although these methods produce less uniform or less periodic features compared
with nanotubular surfaces. Electrodeposition and templated growth provide versatile bottom-up
routes to form nanostructured metallic films with tailored morphology. 7#77 Their crystallinity,
aspect ratio and uniformity, however, remain partly constrained by template quality and mass-

transport conditions. For instance, optimized pulsed electrodeposition can achieve highly

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

crystalline, nearly fully filled nanowire arrays when pore accessibility and nucleation are

controlled. 7> Similarly, titania nanotube templates can direct the spatially controlled
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electrodeposition of gold nanoparticles, enabling tunable nanoscale features with biological
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relevance. 77 Despite their scalability and low cost, such bottom-up methods still offer less
deterministic long-range spatial ordering than lithographic approaches and often exhibit intrinsic
stochasticity in feature size and arrangement, particularly when using low-purity templates or
single-step anodization processes designed for high-throughput production. 7 Conversely, their
compatibility with complex geometries, curved or micro-porous surfaces, and large-area
processing makes electrodeposition uniquely suited for translating nanoscale cues onto fully three-
dimensional implant platforms and biosensing architectures.’

It should be noted that the strategies described above have been developed and characterized
predominantly on titanium and its alloys, reflecting a broader imbalance in the biomaterials
literature that itself stems from the more predominant clinical employment of Ti-based implants

in orthopedic, spinal and dental applications. However, many of these approaches are also
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applicable to other clinically important metallic biomaterials. For example, CoCr alloys are used
in total knee and hip replacements and dental prosthetics, and present a fundamentally different
surface chemistry governed by a Cr,O3 passive film. Nonetheless, nanostructuring of CoCr alloys
has been explored through laser-directed energy deposition combined with biocorrosion to
generate surface structures of controlled aspect ratio.”® Similarly, 316L stainless steel (SS) has
been nanostructured via femtosecond laser texturing, which produces hierarchical micro/nano
patterns.”®80 Notably, nanosecond laser texturing was applied comparatively across 316L SS,
CoCr and Ti alloys under the same conditions, revealing that the resulting surface topography and
roughness are highly material-dependent,’! thereby underscoring that processing parameters
optimized for Ti cannot be uncritically transferred to other alloys. In parallel, anodization with an
atypical electrolyte successfully created a mesoporous surface on 304 and 316L stainless steels
that selectively promotes mammalian cell activity and limits bacterial adhesion 8. Taken together,
while Ti and its alloys remain the most thoroughly characterized systems for precision
nanotopographical engineering, the literature on CoCr and stainless steel demonstrates both the
feasibility and the material-specificity of nanostructuring approaches for non-Ti metallic
biomaterials, and calls for a more systematic extension of mechanistic studies to these clinically
prevalent substrates.

A critical challenge that cuts across all nanostrucuring strategies and metals is the metrological
framework used to characterize the nanotopographies. In the majority of published studies, surface
features are quantified via high-resolution imaging techniques (e.g. Scanning Electron Microscopy
— SEM, Atomic Force Microscopy — AFM) over areas of a few square micrometers. While this
scale captures local feature geometry, it cannot reflect the statistical distribution of feature size,
spacing and height across an implant surface. This scale mismatch is a fundamental reproducibility
problem: two surfaces described by nominally identical feature dimensions may exhibit markedly
different large-area uniformity and, consequently, divergent biological performance. Addressing
this requires broader adoption of standardized surface texture parameters (e.g. as defined in ISO
25178 - Geometrical Product Specifications (GPS) - Surface texture: areal) measured over areas
that are representative of the implant surface at a clinically relevant scale. Consistent reporting of
these parameters across studies would substantially improve comparability, providing quantitative

surface descriptors needed to evaluate process reproducibility and batch-to-batch consistency.
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4. Preclinical Models for the Evaluation of Cell and Tissue Response

Understanding how nanoscale features influence biological behavior requires an experimental
framework that spans multiple levels of complexity. Over the past decades, researchers have relied
on a wide array of in vitro technologies and in vivo models, each offering different types of insight
while also imposing distinct limitations. These preclinical approaches form a continuum, from
simplified two-dimensional (2D) assays to fully integrated animal systems, that together have
shaped our current understanding of how biomaterials interact with cells and tissues.

Much of the foundational work in the field has relied on conventional 2D cell culture assays.
Their simplicity, accessibility and compatibility with high-resolution imaging have made them
indispensable for probing the direct relationship between nanoscale design parameters and cellular
behaviors such as adhesion, spreading, cytoskeletal organization and lineage specification, among
others. However, it is now established that these insights arise in a 2D environment that differs
fundamentally from native tissues. Specifically, cells experience an artificial polarity, stiff planar
substrates and minimal extracellular matrix constraints.?# As a result, the in vitro response of

biomaterials may not fully capture their behavior in vivo.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 2: Comparison between different in vitro modeling systems, outlining their important

advantages and drawbacks. Created with Biorender.com

11


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6lf00058d

Open Access Article. Published on 27 April 2026. Downloaded on 4/28/2026 3:11:58 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

Page 12 of 37

View Article Online
DOI: 10.1039/D6LFO0058D

To address these limitations, the field has steadily moved toward more sophisticated in vitro
systems that reintroduce essential aspects of 3D tissue organization. For example, scaffold-based
cultures, 8%spheroids, 8888 organoids °° and bone-on-a-chip devices®! allow to integrate matrix
mechanics, soluble gradients and multicellular interactions. These models offer a remarkable
degree of self-organization and functional complexity closer to those of the native bone tissues,
bringing investigators closer to assessing how metallic nanostructures interact with tissue-level
architectures. However, these systems introduce practical challenges: their 3D architecture,
dynamic culture conditions and inherent heterogeneity complicate the placement, assessment and
imaging of cells at the interface with metallic substrates.

Between in vitro and in vivo systems lies a useful but narrower class of ex vivo models, such as
bone explants. 8 These offer the advantage of native extracellular matrix composition and
mechanical structure, providing a testbed for how biomaterials integrate with intact tissues. They
can capture early events in bone remodeling, including osteocyte viability, osteogenic response
and mechanosensitive signaling, within a native extracellular matrix environment that is
biologically richer than conventional in vitro cultures. > However, ex vivo tissues lack systemic
vascularization, immune recruitment and healing processes, limiting their ability to capture long-
term or multifactorial outcomes.

Ultimately, it is in vivo models that provide the most comprehensive picture of how
nanostructured metallic surfaces behave under realistic physiological conditions. Implantation in
rodents, rabbits and large animals exposes materials to the full complexity of host biology. %394
These studies remain essential for assessing crucial aspects such as osseointegration, immune
modulation and mechanical stability (Section 5.2). Yet, the in vivo environment also introduces
variability that can obscure the direct contributions of nanoscale features, and inter-species
differences can hinder translation to humans. For these reasons, mechanistic insight obtained from
in vitro systems must be interpreted alongside in vivo outcomes to build a coherent understanding
of how design features translate into functional performance. Taken together, this spectrum of
models illustrates both the power and the challenges of evaluating nanostructured metallic
implants prior to clinical trials. No single platform fully captures the interplay of tissue architecture,
mechanics, biochemistry and cellular complexity. Progress will require experimental strategies

that intentionally bridge these domains, linking controlled mechanistic experiments in 2D and 3D
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systems with validation in ex vivo tissues and in vivo environments (Section 6). Only by integrating
these multiscale perspectives can we reliably predict how precisely engineered nanotopographies

will perform in clinical settings.

5. From Model to Function: In Vitro and In Vivo Evidence

5.1. In Vitro Studies

Over the past decade, in vitro studies have provided compelling evidence that nanoscale surface
topographies on metallic biomaterials function as active, cell-instructive cues rather than passive
structural modifications. Using titanium, titanium alloys and additional clinically relevant metals
as model substrates, these investigations demonstrate that nanoscale geometry, independently of
surface chemistry, can regulate cell adhesion, proliferation, differentiation, and intercellular
signaling. Specifically, initial cell attachment and proliferation are strongly influenced by
nanoscale surface features, with numerous studies reporting enhanced cell adhesion on
nanostructured metallic substrates relative to smooth or microscale controls %3, Titanium dioxide
nanotubes produced via anodization represent one of the most extensively studied topographies in

this context. Across multiple reports, nanotubular Ti surfaces consistently promote adhesion and

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

proliferation of osteoblast-like cells and mesenchymal stem cells (MSCs), although the magnitude
of the response is highly dependent on nanotube diameter 6% . In particular, studies employing

human Saos-2, murine MC3T3-E1, and primary human osteoblasts have shown that nanotube

Open Access Article. Published on 27 April 2026. Downloaded on 4/28/2026 3:11:58 AM.

diameters in the approximate range of 20-70 nm enhance focal adhesion formation, cytoskeletal

(cc)

organization, and early proliferation, whereas excessively large or small features attenuate these
effects %98, Similar enhancement of adhesion and proliferation has been observed on nanowire-
structured titanium alloys, including TNZT and Ti-Nb-Zr systems, indicating that nanoscale
geometry remains a dominant regulator even when alloy composition varies °7*°. Beyond
nanotubes, alternative nanotopographies such as nanodots, nanospikes and nanopits also support
robust initial cell attachment. Specifically, carefully defined nanopit arrays promoted osteogenic
activity by colocalizing integrins and BMP-2 receptors % as demonstrated in Figure 2.

In addition to regulating early adhesion, nanoscale metallic topographies have been repeatedly
shown to promote osteogenic differentiation in vitro, even in the absence of osteogenic

supplements. Titanium nanotopographies generated via anodization, chemical etching and
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oxidative treatments enhance alkaline phosphatase activity, extracellular matrix mineralization,

and expression of key osteogenic markers, including RUNX2, OPN, OCN, and COL1A1 101-103,
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Figure 3: a) Partially disordered nanopit pattern (NSQ) developed by Dalby et al*® and b)
enhancement of the expression of RUNX, BMP2 and BMP receptor.'® ¢) Co-staining and
immunoprecipitation studies of the BMP receptor and integrin beta 5 show the NSQ pattern causes
colocalization of these proteins, while it is absent on unpatterned controls. Figure adapted from

Yang et al'® under CC-BY 4.0.

Diameter and geometry-dependent effects are particularly pronounced during differentiation.
For example, TiO, nanotubes of intermediate diameters (30-70 nm) consistently induce stronger
osteogenic responses than either smooth titanium or larger-scale structures, as demonstrated in
both Saos-2 and MC3T3-E1 models %192, Nanostructured Ti-Nb-Zr and TNZT alloys similarly
promote osteogenic maturation, confirming that nanoscale topography-driven differentiation is
conserved across multiple clinically relevant metallic systems®’*?. In parallel, mixed-oxide
nanotubular systems incorporating Nb or Zr into TiO, architectures enhance biocompatibility and
osteoblast attachment in vitro when compared to bare Ti alloys, highlighting the synergistic effects
of nanoscale geometry and alloying strategies 194,

These diameter- and geometry-dependent effects, however, are not uniform across studies, and

the specific dimensional ranges associated with optimal responses vary considerably depending
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on the feature type, fabrication method, and biological model employed. Table 1 presents a
selection of comparative studies examining dimensional variations within specific nanofeature
types on titanium, chosen not as a comprehensive survey but to illustrate (i) how reported optimal
dimensions and biological outcomes vary across studies and (i) how these values frequently
diverge from, or cannot be directly reconciled with, the mechanistic threshold framework
described in Section 2.2. As biological outcomes are simultaneously governed by multiple
nanofeature parameters and by the specific biological models employed, direct quantitative
comparison across studies or nanostructure designs remains inherently limited, and the threshold
values cited in Section 2.2 should therefore be interpreted as a mechanistic reference point rather

than universal design criteria.

Table 1. Comparative studies demonstrating the effects of design variations

Source

Open Access Article. Published on 27 April 2026. Downloaded on 4/28/2026 3:11:58 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Type

Biological Outcome

Park et al.!05

TiO, nanotubes (in

Vitro)

15 nm diameter optimizes primary human osteoblast adhesion and osteogenic

differentiation; wider tubes progressively impair response

Voltrova et al.%

TiO, nanotubes (in

Vitro)

66 nm diameter improves vinculin, talin, osteocalcin and collagen I expression in
human Saos-2 osteoblast-like cells. 24 nm diamegter less effective, indicating 70-nm

threshold*? is not a binary predictor for nanotubular features

Luo et al.®®

Nano-flat, -convex, -
concave TiO,
nanotopographies (in

Vitro)

Convex geometry of ~80 nm in diameter promotes larger FAs and longer actin stress
fibers on nanoconvex surfaces in primary human osteoblasts. Feature shape modulates

response beyond size alone

Ballo et al.106

Semi-spherical
protrusions on Ti (in
vivo, rat tibia — Section

5.2)

Higher BIC and peri-implant bone formation at 60 nm in vivo; reduced bone

apposition at >120 nm in vivo

Wilmowsky et

al.107

TiO, nanotubes (in
vivo, minipig - Section

5.2)

Diameter-dependent osseointegration; highest BIC and osteogenic gene expression at

variable nanotube diameter

Taken together, Table la reveals both areas of agreement and notable discrepancies across

studies. The 70 nm threshold for protrusion-type features proposed in #> receives partial in vivo
corroboration from Ballo et al. (60 nm optimal). However, Voltrova et al. demonstrate that among
nanotubular features below 70 nm, the 66 nm diameter produces the strongest osteogenic response,

while Park et al. identify 15 nm as the optimal nanotube length scale. Luo ef al. further show that
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feature geometry (convexity vs. concavity) modulates the cell response independently of diameter.
While the studies included in Table 1 represent only a narrow cross-section of the available
literature, the discrepancies they reveal are sufficient to illustrate that no single dimensional
threshold reliably predicts biological outcomes across conditions. This observation further
reinforces the importance of multi-model validation strategies discussed in Section 6.

Beyond osteogenic cells, nanoscale metallic topographies influence endothelial behavior, a
critical consideration for implant vascularization. Anodized TiO, nanotube surfaces improved
endothelial cell viability, proliferation, and angiogenic behavior relative to untreated titanium,
suggesting that nanoscale geometry may support coordinated bone—vascular integration at implant
interfaces!%8,

More complex in vitro models reveal that nanotopography also modulates intercellular
signaling. In osteoblast—osteoclast co-culture systems, nanostructured titanium surfaces promoted
osteoblast activity while suppressing osteoclast differentiation, indicating that nanoscale geometry
can influence bone remodeling dynamics rather than isolated cell phenotypes 9%, Similarly, studies
using gingiva-derived MSCs on commercially relevant nano- and microstructured implant surfaces
showed enhanced protein adsorption and stem cell adhesion, underscoring the relevance of
nanotopographical effects across multiple tissue-specific progenitor populations '1°,

From a mechanistic point of view, a large body of literature has consistently identified integrin-
mediated mechanotransduction as a central pathway linking nanoscale geometry to cell functions.
For example, nanotopographical titanium surfaces upregulate integrin subunits, particularly aV
and B1, leading to enhanced focal adhesion kinase (FAK) activation and downstream signaling
cascades associated with osteogenic commitment 109192 These effects are accompanied by
increased actin organization and cytoskeletal tension, reinforcing the role of physical force
transmission in nanoscale sensing. More recent studies extend these mechanisms to include
intracellular stress-response pathways. Titanium nanotopographies have been shown to activate [3-
catenin signaling through autophagy-mediated mechanisms, linking nanoscale geometry to
intracellular metabolic regulation and differentiation pathways !°3. Gradient nanostructured
titanium surfaces further demonstrate that spatial variations in nanoscale geometry can locally
regulate adhesion strength, cytoskeletal organization, and osteogenic marker expression, offering

a powerful platform for dissecting cell-material interactions with high spatial resolution ',
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In vitro evidence on non-Ti metallic substrates remains comparatively limited. On
nanostructured CoCrMo alloys generated by laser-directed energy deposition and biocorrosion,
MC3T3 preosteoblasts and human bone marrow mesenchymal stem cells showed enhanced
adhesion, spreading and osteogenic differentiation relative to flat controls.”® On femtosecond and
nanosecond laser-textured 316L stainless steel, hierarchical micro/nano surface patterns supported
osteoblast adhesion, alignment and contact guidance,” while co-culture studies demonstrated a
reduction in myofibroblast differentiation without impairing endothelial cell proliferation; a
response profile of particular relevance for stent applications.

Taken together, in vitro studies demonstrate that precisely engineered nanoscale topographies
on metallic biomaterials can deterministically regulate cell adhesion, proliferation, differentiation,
angiogenic behavior, and multicellular signaling. These effects are reproducible across fabrication
methods, metallic compositions, and cell types, reinforcing nanoscale geometry as a dominant and

tunable design parameter.

5.2. In Vivo Studies
While in vitro studies establish nanoscale topography as a powerful regulator of cell behavior,

in vivo models are essential to validate whether these effects persist within the complex biological

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

environment of bone healing. Over the past decade, a growing number of animal studies have

demonstrated that nanoscale-engineered metallic implants can enhance early bone formation,

Open Access Article. Published on 27 April 2026. Downloaded on 4/28/2026 3:11:58 AM.

improve mechanical fixation, and modulate immune and remodeling responses. Collectively, these

(cc)

studies provide strong evidence that nanoscale surface precision translates into measurable
functional benefits at the bone-implant interface.

One of the most consistent findings across in vivo studies is the ability of nanoscale surface
topographies to accelerate early bone formation and increase bone-implant contact (BIC). Using
well-defined nanotopographical model implants, de novo bone formation has been shown to be
highly sensitive to feature size. Titanium implants decorated with hemispherical nanoprotrusions
demonstrated significantly higher BIC and peri-implant bone formation in rat tibiae when feature
sizes were approximately 60 nm, whereas larger nanoscale features (=120 nm) resulted in reduced
bone apposition, highlighting a narrow optimal nanoscale regime for osteogenic activity '%.

Similarly, titanium implants with anodized TiO, nanotubes consistently enhanced early

osseointegration across multiple animal models. In rodent long-bone implantation studies,
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nanotubular surfaces promoted greater bone ongrowth and more mature bone tissue formation at
carly healing time points compared to smooth titanium controls ''%!13, Hydrogenated,
superhydrophilic TiO, nanotubes further amplified these effects, leading to increased new bone
regeneration and more intimate bone—implant contact during the first four weeks post-implantation
114

Large-animal models reinforce these findings and underscore their translational relevance. In
minipig cranial defect models, titanium implants with nanotube diameters ranging from 30 to 100
nm all improved osseointegration relative to flat controls, with intermediate diameters (~70 nm)
producing the highest BIC and strongest osteogenic gene expression profiles in peri-implant tissue
115 Comparable enhancements in bone volume fraction and bone density were reported in Beagle
dog models using nanotextured and Sr-loaded titanium implants placed immediately after tooth
extraction, demonstrating that nanotopography can support rapid bone formation even in clinically
challenging scenarios '1°.

Beyond histological outcomes, several in vivo studies demonstrate that nanoscale surface
engineering improves the mechanical performance of metallic implants. Removal torque and pull-
out tests consistently show stronger implant fixation for nanostructured surfaces compared to
smooth or purely microstructured controls. Hierarchical micro/nano-structured TiO, surfaces
generated via hydrothermal or anodic treatments significantly increased removal torque values in
rabbit and rodent models, indicating superior mechanical anchorage at the bone—implant interface
17

Nanoporous and nanotubular titanium implants also improve biomechanical stability by
promoting faster healing and more homogeneous bone ingrowth 13118119 n rodent implantation
studies, nanoporous titanium surfaces exhibited higher push-out strength and improved load
transfer characteristics, correlating with increased bone maturity and reduced fibrous tissue
formation around the implant 3117, These findings suggest that nanoscale topographies not only
enhance bone quantity but also improve bone quality and functional integration.

Dental implant models further support these conclusions. Nanospike-textured titanium dental
implants demonstrated significantly higher BIC and improved mechanical engagement compared
to conventional surfaces, while maintaining structural integrity under functional loading

conditions 29, Importantly, these improvements were observed without compromising
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surrounding tissue health, reinforcing the safety and efficacy of nanoscale geometries when
precisely controlled.

More recent in vivo investigations have moved beyond static measures of osseointegration to
explore how nanoscale topographies influence immune responses and bone remodeling.
Nanoporous titanium implants suppress osteoclastogenesis while promoting osteoblast activity,
leading to a net increase in bone formation during early healing phases ''3. Histological and
molecular analyses revealed altered macrophage polarization profiles around nanotextured
implants, suggesting that nanoscale geometry can shift the local immune environment toward a
pro-healing, osteogenic phenotype.

This immune-modulatory role of nanotopography is further supported by studies examining
local and systemic responses to titanium nanotube implants. Intramedullary implantation studies
demonstrated that nanotubular surfaces were well tolerated, elicited no adverse systemic
inflammatory responses, and promoted stable bone ongrowth over extended implantation periods
112 These findings indicate that nanoscale features can actively regulate the foreign body response
rather than merely avoiding adverse reactions.

Coordinated regulation of bone formation and resorption was also observed in studies

evaluating molecular signaling at the bone-implant interface. Controlled nanoscale topographies

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

enhanced early osteogenic signaling pathways while reducing markers associated with excessive

bone resorption, contributing to more balanced and stable bone remodeling in vivo '8,

Open Access Article. Published on 27 April 2026. Downloaded on 4/28/2026 3:11:58 AM.

Animal studies also demonstrate that nanoscale surface engineering can deliver multifunctional

(cc)

benefits beyond enhanced osseointegration. For example, nanotextured titanium designed to be
bactericidal maintained excellent bone integration while simultaneously reducing bacterial
colonization, illustrating that antimicrobial and osteogenic functions are not mutually exclusive
when nanoscale geometry is carefully optimized 20122, Taken together, in vivo studies provide
strong and convergent evidence that precisely engineered nanoscale topographies on metallic
implants enhance early bone formation, improve mechanical anchorage, and actively modulate

immune and remodeling responses.
6. Outlook and Future Directions

The rapid advances in precision nanoscale engineering of metallic biomaterials have brought

the field to an inflection point: mechanistic understanding is now sufficiently mature to inspire
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rational design principles, yet significant scientific, technological and translational barriers may
still prevent these discoveries from transforming clinical practice. A critical evaluation of these
challenges, together with emerging opportunities, contributes to highlight the path toward next-
generation bone-interfacing implants capable of providing reproducible and patient-relevant
biological outcomes.

A central limitation of the current landscape is that most breakthroughs in nanotopographical
design have relied on techniques and substrates specifically selected to allow the precise control
over surface architecture. To achieve this level of accuracy, researchers predominantly employed
planar metallic substrates, as their flat geometry facilitates well-defined nanostructuring, high-
resolution imaging and standardized cell culture assays. However, translating these nanoscale
modifications to implants with complex 3D geometries introduces a host of additional challenges.
For example, curved or threaded geometries disrupt the planar alignment required for lithography
or templating, making consistent feature replication during fabrication technically complex. Such
geometric constraints increase the likelihood of incomplete or poorly controlled pattern transfer,
which may, in turn, propagate variability into downstream biological responses, thereby
reinforcing the need for standardized and more stringent surface-processing workflows. 23-128
These fabrication-related challenges are further exacerbated by the pronounced mismatch in scale
between the relatively small test coupons typically used in laboratory studies and the substantially
larger, multi-surface dental, spinal and hip implants. In parallel, and often overlooked, the oxide
layer on passive metals, whether native or induced by oxidative processes such as chemical etching,
adds an additional level of complexity, as its thickness, composition and crystalline structure are
highly sensitive to both processing parameters and environmental exposure. Variations in oxide
chemistry can subsequently alter key surface properties, including wettability and functional-
group availability, thereby modulating cell- and tissue-level signaling pathways, while the oxide
itself may crack and/or delaminate locally under mechanical stresses, '>° thereby creating a
heterogenous bone-implant interface. These obstacles ultimately underscore the need for
manufacturing technologies that offer nanoscale precision on medically relevant metals and large,
non-planar, clinically realistic geometries. To this end, (electro)chemical treatments (e.g.
anodization, acid etching) and laser texturing exhibit translational potential by enabling uniform

nanoscale surface modification over implant-relevant dimensions and geometries, as demonstrated
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on titanium dental and orthopedic implants evaluated in vivo (Figure 3), where these approaches

have been shown to enhance osseointegration and early bone—implant contact, 107.119,130-133

20 pm

Figure 4: Nanotopographical features with translational potential. a) Electron micrographs of a

machined implant surface following etching (top) and anodization (bottom). b) Electron

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

micrographs of the resulting nanotube arrays following anodization. ¢) Low to high magnification
electron micrographs (top to bottom) of machined (left tiles) and laser modified (right tiles)

titanium implants that result in improved mechanical anchorage and osseointegration. Figures

Open Access Article. Published on 27 April 2026. Downloaded on 4/28/2026 3:11:58 AM.

adapted from Shah et al'3? under CC-BY 4.0 and Lee et al'30, reprinted by permission of Informa
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UK Limited, trading Taylor & Francis Group https://www.tandfonline.com. This is an Open
Access article distributed under the terms of the Creative Commons Attribution — Non Commercial
(unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/) which permits non-
commercial re-use, distribution, and reproduction in any medium, provided the original work is

properly cited.

Indeed, clinically successful commercial solutions already rely on some of these approaches,
including anodized and chemically treated titanium dental implants developed by manufacturers
such as Nobel Biocare (TiUnite™ and TiUltra™) and Straumann (SLActive™). These systems
exemplify the scalability and regulatory viability of chemical treatments on complex implant

geometries, demonstrating that robust osseointegration can be achieved even in the absence of
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precisely defined nanotopographical features. However, this clinical success is likely associated
with multiscale surface roughness and enhanced hydrophilicity, rather than with the deliberate
encoding of mechanistically instructive nanoscale cues. Consequently, translation in this space has
largely converged on surface designs that are clinically effective, but not mechanistically
optimized, with limited incentive to move beyond empirically beneficial yet weakly defined
nanotopographies. It follows that the effectiveness of these implants should not be interpreted as
validation of stochastic nanotopographies as optimal design solutions, but rather as evidence that
current translational pathways have stabilized around surfaces that meet clinical and regulatory
benchmarks without fully exploiting the biological potential of precision nanoscale engineering.
Achieving truly instructive nanotopographies will hinge on stringent control over process
parameters and long-range feature uniformity across complex implant geometries. Without such
control, even scalable techniques risk introducing variability, ultimately eroding the benefits
established in preclinical model systems and further complicating cross-study comparisons as well
as regulatory approval pathways. Compounding this manufacturing challenge is a largely
overlooked metrological one: the vast majority of studies characterize nanotopographies using
SEM/AFM measurements taken over scan areas of only a few square micrometers, which captures
local feature geometry but cannot represent the statistical uniformity of the surface across the
complex three-dimensional geometry of a clinical implant. For example, a nanopillar array that
appears well-ordered over a 5 um? scan field may exhibit significant spatial heterogeneity at the
scale of a dental screw thread or an acetabular cup, yet this variability goes undetected and
unreported. Moving toward standardized areal characterization measured over areas representative
of the functional implant surface, is a prerequisite for the kind of process validation that clinical
translation and regulatory approval will ultimately demand.

Beyond these fabrication constraints, even the most promising nanopatterning techniques must
contend with additional challenges that emerge upon implantation, including surface
contamination and potential alteration of nanoscale features during insertion. This complexity is
further compounded by the presence of whole blood, which delivers a highly concentrated mixture
of proteins, platelets and coagulation factors that rapidly mask engineered nanotopographies.
Because of this multifactorial environment, many idealized findings from in vitro assays may not
fully predict interfacial events in vivo, reinforcing the importance of incorporating

hemocompatibility and blood—material interactions into implant evaluation frameworks. In this
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context, commonly used in vitro protein-adsorption assays, while indispensable for probing early
mechanistic trends, capture only a limited and highly simplified subset of the interfacial processes
that ultimately govern biological outcomes in vivo. Specifically, many in vitro investigations of
nanotopography-mediated protein adsorption still rely on simplified, single-protein systems (e.g.,
albumin, fibronectin, vitronectin), which may not capture the competitive, dynamic protein
exchange and multilayer corona formation occurring in vivo. Indeed, studies on nanotextured
metals have largely focused on individual proteins or serum-free conditions, leaving the behavior
of complex, multi-component protein mixtures comparatively unexplored. This stands in contrast
to physiological fluids, where adsorption reflects competitive, time-dependent exchange rather
than simple binding: most abundant, rapidly diffusing proteins initially adsorb to the surface but,
unable to spread and strengthen their surface contacts, are displaced by lower-abundance species
that arrive later yet undergo conformational rearrangements that increase their binding affinity
(Vroman effect). 134 Consequently, the protein layers forming in vitro under static, compositionally
simplified conditions are poor surrogates for the complex and evolving interfaces encountered in
vivo, particularly within the circulatory and/or interstitial microenvironments surrounding implants.
Taken together, these limitations underscore the need for surface-engineering strategies that

remain functional and biologically instructive under the complex and dynamic conditions

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

encountered during implantation.

To address these challenges for clinical translation, functional coatings can be envisioned as

Open Access Article. Published on 27 April 2026. Downloaded on 4/28/2026 3:11:58 AM.

effective strategies that help reconcile the precision of in vitro discoveries with the complexity of

(cc)

in vivo deployment. Indeed, this strategy has already been adopted clinically through bioactive
coatings that enhances bone—implant interactions, such as nano-hydroxyapatite layers deposited
via wet-chemical processes, as exemplified by commercial technologies developed by Promimic
(i.e., HAmm Surface™). When appropriately designed, coatings can in fact provide a functional
biochemical interface during the critical early phases of implantation. Importantly, a key
requirement for such approaches is conformality over complex three-dimensional implant
geometries, including threads, porous regions and internal surfaces. In this respect, additional
techniques such as plasma-based treatments and sol—gel processes, 37 are particularly attractive,
as they can uniformly modify large, non-planar metallic surfaces while offering control over the
physicochemical makeup of surfaces. Notably, coatings may also act as protective or sacrificial

layers during implantation, mitigating mechanical abrasion, contamination and the immediate

23


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6lf00058d

Open Access Article. Published on 27 April 2026. Downloaded on 4/28/2026 3:11:58 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

Page 24 of 37

View Article Online
DOI: 10.1039/D6LFO0058D

masking of underlying engineered nanotopographies by blood-derived components. By transiently
shielding the underlying surface from direct blood contact, such layers can help preserve the
intended biological readout of the nanotopography during the early and subsequent stages of
healing. Viewed in this way, coatings provide a practical strategy for decoupling nanoscale design
intent from the inevitable perturbations associated with surgical handling and the complex in vivo
environment.

Alongside advances in structural design, the functional integration of metallic implants is
expected to shift toward dynamic, responsive and patient-tailored systems. Future devices may be
envisaged to incorporate precision and personalization, with surfaces tuned to patient-specific
factors such as bone quality, anatomical site, age or pathological/genetic background,'?® thereby
acknowledging the heterogeneity of biological environments into which implants are placed. In
fact, even within a single patient, the local biochemical milieu is not static: changes in ionic
composition, pH, oxygen concentration, metabolic states and soluble mediators across the different
phases of healing can continuously modulate how cells perceive and interpret surface cues over
time. Recognizing that structural optimization alone cannot accommodate this biochemical and
temporal variability, next-generation surfaces may be required to couple topographical design with
mechanisms capable of actively responding to, or even shaping, the evolving microenvironment.
To this end, functional coatings could also provide smart, self-healing, stimuli-responsive abilities
in response to local signals such as pH, enzymatic activity or oxidative stress. 36-13° In parallel,
surface architectures will likely be engineered to remain functional across diverse and dynamically
changing biochemical microenvironments, such as variations in inflammatory cytokines, hypoxia
and pH, factors known to influence the cascade of osteogenic or inflammatory events. Finally,
implants may also integrate embedded sensing elements that enable real-time monitoring of
healing progression, inflammation or mechanical loading, providing clinicians with continuous
feedback on implant performance. 140-142

In this context, antibacterial performance, whether achieved through inherently
nanotopographies or functional coatings, represents an equally critical design goal, given the
substantial clinical burden of peri-implant infections. '43 Multifunctional strategies that
simultaneously promote osseointegration and resist microbial colonization are therefore expected

to define the next generation of implant surfaces. Collectively, these developments position future
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metallic implants not merely as structural supports but as intelligent, adaptive interfaces capable
of responding to and communicating with their biological surroundings.

Complementing these strategies, future efforts should leverage high-throughput platforms (e.g.,
nanotopographical gradients and automated imaging pipelines) to screen several surface designs
in parallel, thereby accelerating the discovery of clinically relevant architectures. To this end,
equally important will be the evolution of biological testing systems that reflect the complexity of
the human tissue microenvironment. While animal models remain indispensable, their
translational accuracy is limited by interspecies differences and difficulties in isolating nanoscale
effects from systemic processes. Emerging human-relevant in vitro systems, including 3D
spheroids, organoids, perfused bone-on-chip devices and ex vivo bone explants, offer a more
physiologically relevant platform for interrogating protein adsorption dynamics, osteoimmune
interactions, vascular penetration and early bone remodeling. Incorporating nanotopographical
gradients with biomimetic systems will be essential to better simulate in vitro how the host
microenvironment jointly regulates the interpretation of nanotopographical and biochemical cues.
These models should thus become standard tools for evaluating next-generation nanotopographies
before advancing to in vivo studies.

Regulatory considerations impose additional constraints on the translation of advanced surface-

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

engineering strategies. Regulatory agencies such as the U.S. Food and Drug Administration (FDA)

and standards bodies including the International Organization for Standardization (ISO) place
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strong emphasis on safety and reproducibility. While surface treatments that preserve bulk material

(cc)

properties may be generally viewed favorably, the introduction of new or highly specific nanoscale
features could raise additional questions related to long-term stability, corrosion behavior, wear
debris generation and biological safety. A further translational bottleneck lies in the generation of
regulator-relevant preclinical evidence: although in vitro studies are indispensable for establishing
mechanistic insight, regulatory approval ultimately depends on in vivo and clinical data
demonstrating robust and reproducible performance. Notably, the enactment of the FDA
Modernization Act 2.0, which formally recognizes human-relevant in vitro methodologies for
therapeutic development, creates a timely opportunity to strengthen the regulatory value of
advanced nonclinical platforms. The integration of physiologically relevant in vitro systems into
surface-engineering research may therefore not only accelerate mechanistic validation but also

align emerging technologies with evolving regulatory frameworks.
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Importantly, the clinical success rates of existing implant surfaces have established a
demanding benchmark for adoption, thereby reducing the incentive to introduce more complex or
less familiar surface technologies unless they offer clear, reproducible and clinically meaningful
advantages. Moving beyond this plateau will require a concerted effort to align precision
nanoscale surface design with scalable manufacturing, standardized nanoscale metrology and
performance metrics that are simultaneously meaningful to regulators, clinicians and patients,
thereby enabling the next generation of truly instructive, clinically transformative metallic

implants.
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