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Abstract

Background: Titanium implant osseointegration is hierarchically governed by surface
properties directing protein adsorption, cell recognition, immune modulation, and bone
formation. Photofunctionalization creates ultrahydrophilic surfaces by removing hydrocar-
bons. To integrate it with 3D-printed architectures requires systematic synthesis. Problem:
The classical static view of osseointegration obscures its dynamic, multiscale nature. How
photofunctionalization-induced ultrahydrophilicity modulates the surface–protein–cell–
bone interface as a continuous, hierarchical system remains unclear. Scope: This review
synthesizes evidence on how photofunctionalized ultrahydrophilic titanium surfaces con-
trol protein adsorption, integrin-mediated mechanotransduction, immune responses, and
in vivo osseointegration, with an emphasis on 3D-printed porous architectures. Con-
clusions: Photofunctionalization enhances protein adsorption, preserves bioactive con-
formation, and stabilizes protein layers, selectively engaging osteogenic integrins and
amplifying FAK–Src/YAP–TAZ signaling. In 3D-printed implants, ultrahydrophilicity
enables capillary-driven fluid infiltration and uniform bone ingrowth. Through this review,
knowledge gaps—in surface aging and limited in situ characterization—are identified, and
an interface-informed design integrating surface chemistry, architecture, and biological
timing is proposed.

Keywords: 3D-printed titanium implants; photofunctionalization; ultrahydrophilicity;
osseointegration; interfacial biology

1. Introduction
Titanium is highly suitable for orthopedic, dental, and maxillofacial reconstruc-

tion because of its favorable mechanical properties, corrosion resistance, and gen-
eral biocompatibility. Adequate clinical performance depends on successful long-term
fixation to the surrounding bone, a concept known as osseointegration [1,2]. The
original—classical—definition of osseointegration is direct structural and functional con-
tact between the living bone and the surface of the load-bearing implant. According to this
definition, successful osseointegration is strongly related to close bone–implant contact
without the deposition of intervening fibrous tissue [3], a description that is too static and
simple for a process that is dynamic and biologically complex.
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Osseointegration is increasingly recognized as a time-dependent, dynamic, and mul-
tistage process. In particular, events that happen immediately after loading the implant
are critical; that is, after loading, the implant surface contacts blood and interstitial fluid
and immediately adsorbs plasma proteins to create a provisional biological interface on the
implant surface. The identity, conformation, and distribution of such adsorbed proteins
determine downstream cell recognition, immune sensitization, and osteogenic recruit-
ment [4,5]. Even small variations in the surface chemistry, wettability, and surface energy
of the implant during this early incubation period may drive a shift in biology down
an irreversible path to either successful and stable bone formation or a “pathologically
inflamed” condition [6,7].

Despite significant progress in implant design, achieving osseointegration in the short
term and with predictable healing timelines remains a desirable outcome [8]. Osseoin-
tegration bonds the implant surface with the bone and is more likely to have minimal
micromotion and delayed loading. It has been assumed to be dependent on the patients’
systemic state, which may be compromised by osteoporosis, advanced aging, diabetes,
chronic inflammatory diseases, etc., conditions which increase the risk of osseointegra-
tion failure due to adverse dosing and molecular immunity before implantation [9,10].
Titanium-based implants are essentially inert relative to the biological responses at the
interface and cell competence [11,12].

Additive manufacturing technologies enable engineers to control implant macro-, micro-,
and nanoarchitecture and geometry and mechanical properties to previously unattainable
levels [13]. 3D-printed titanium implants can anatomically replace bone, create artificial
bone tissue via the organism’s biological processes, encourage hypertrophy, and achieve
physiological load transfer to the host’s local bone even if the implant is structurally
porous [14]. These advantageous features do not, however, fully correlate to biologically
predictable favorable outcomes. Due to surface heterogeneity and oxide variations, the
surface energy of titanium-based implants with a porous architecture decreases due to
substantial increases in the exposed outer surface area. This limits reproduced bioactivity at
their surface and renders their further sinterability dependent on shell subunit behavior [15].
In this respect, bioactive behavior, including protein adsorption and early biological chaos,
is vital for achieving timely results at passive biological interfaces.

Many implant surface modification techniques are used for these purposes and can
be divided into two categories. The first is the improvement of mechanical interlocking
by surface coating or anodization [16,17]. The second is adding supplementary layers
that cannot actively participate in the early interface environment under physiological
and interfacial conditions. A new approach to reducing hydrocarbon load and increasing
titanium’s intrinsic reactivity, potentially to zero, is photofunctionalization [18].

Thus, entirely different approaches should be taken when defining titanium-based
implants. Instead of the current focus on passive interfaces, the implants’ ability to influence
interfacial activity should be considered, as osseointegration begins at the material surface
level and extends hierarchically to protein adsorption, cell recognition, immune response,
and bone formation. By establishing an interface-governed conceptual framework, this
review systematically elaborates how ultrahydrophilic photofunctional 3D-printed titanium
regulates the early biological microenvironment of the implant surface and promotes stable
osseointegration [19].

Literature Search and Selection Methodology

We searched three mainstream academic databases: PubMed, Scopus, and Web of Sci-
ence. The search period was set from 2010 to 2025. Core keywords were photofunctionaliza-
tion, UV treatment, ultrahydrophilic titanium, 3D-printed titanium, and osseointegration.
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We included peer-reviewed original articles, in vitro studies, in vivo animal experiments,
and clinical studies. Non-English articles, conference abstracts, duplicated papers, and
studies without valid biological outcomes were excluded. A total of 187 studies were
initially retrieved, and 144 papers were finally selected for review. The literature retrieval
and screening rules applied in this review are summarized in detail in Table 1.

Table 1. Literature selection criteria.

Category Criteria

Databases PubMed, Scopus, Web of Science

Search Period 2010–2025

Keywords Photofunctionalization, UV treatment, ultrahydrophilic
titanium, 3D-printed titanium, osseointegration

Inclusion Criteria
Peer-reviewed studies, titanium implants,
photofunctionalization-related investigations, in vitro, in vivo,
and clinical studies

Exclusion Criteria Non-English articles, conference abstracts, duplicated reports,
studies without biological outcomes

Study Types In vitro, animal, clinical, and review articles

In this review, two types of content are clearly distinguished to ensure evidence
traceability:

(1) Author-generated conceptual models: The schematic diagrams and comparative sum-
mary tables are comprehensive conceptual frameworks independently organized
and drawn by the authors, which integrate multi-literature research results for sys-
tematic display. Each schematic diagram (Figures 1–7) and comparative summary
table (Tables 2 and 3) clearly lists the supporting reference interval in captions or
table columns.

(2) Evidence-supported conclusions: All molecular mechanisms, in vitro/in vivo experi-
mental laws and clinical phenomena described in the main text are directly derived
from peer-reviewed original research, with real-time reference citations marked after
each argument.

2. Photofunctionalization and Ultrahydrophilicity of Titanium Surfaces
Photofunctionalization has never been a simple “surface treatment” that makes sur-

faces appear “fresh rather than old”; it operates as a first and selective intervention at the
first decisive moment when the interface, which is naturally affected by aging, confronts
host anatomy. Photofunctionalization does not use surface morphology “alteration” or
“coating”. Instead, it affects the physicochemical surface state just prior to biological in-
teraction [20]. It restores the ability of the implant’s native surface chemistry to interact
with the host anatomy at previously “inert” times, targeting the local biological factors
responsible for osseointegration [21].

Referring to Figure 1 in the above information, photofunctionalization “sets back” the
biological input interface of an implant prior to the following interfacial events. It does
not govern the subsequent events in series by merely improving surface properties but
instead represents the first communication of information to interfacial organisms [22].
This section first describes the biophysical basis of photofunctionalization, followed by an
explanation of how ultrahydrophilicity, which affects biological decision-making processes,
develops [23]. The physicochemical mechanisms of titanium photofunctionalization are
illustrated in Figure 2.
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Figure 1. Interface-governed osseointegration of photofunctionalized 3D-printed titanium implants.
Synthesized conceptual schematic by the authors, integrated and adapted based on Refs. [6,18,24].
Photofunctionalization eliminates hydrocarbon contaminants to restore the intrinsic surface energy
and ultrahydrophilicity of titanium, reprogramming the initial material–biological interface. This
fundamental physicochemical state hierarchically modulates subsequent protein adsorption, cell
recognition, immune regulation and ultimate bone formation, rendering the implant surface an
active regulatory interface rather than an inert passive substrate. All biological cascade conclusions
summarized in this schematic are supported by validated in vitro and in vivo findings from the
cited references.

Figure 2. Physicochemical mechanisms underlying titanium photofunctionalization. Synthesized
conceptual schematic by the authors, integrated and adapted based on Refs. [18,25,26]. Ultraviolet
irradiation activates the TiO2 surface layer via photocatalytic reactions, decomposing adsorbed extrin-
sic hydrocarbons and exposing reactive hydroxyl groups. This treatment restores ultrahydrophilicity,
elevates surface energy and modulates surface charge, synergistically improving titanium inter-
facial reactivity prior to biological contact. The photocatalytic pathway and surface aging trends
summarized in this schematic are validated by XPS and XRD characterizations reported in the
cited references.
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Among multiple UV wavebands commonly adopted for titanium photofunctional-
ization, 365 nm near-ultraviolet light is the most widely applied option. This wavelength
matches the intrinsic band-gap excitation characteristic of the TiO2 oxide layer, efficiently
generating electron–hole pairs to trigger the photocatalytic degradation of surface hydrocar-
bons. It also avoids excessive deep ultraviolet-induced substrate damage and does not pose
any obvious cytotoxic risks, thereby exhibiting a superior balance between modification
efficiency and biosafety for subsequent biological experiments and clinical application.

2.1. Principles of Photofunctionalization
2.1.1. UV-Induced Removal of Surface Hydrocarbon Contaminants

Titanium surfaces age rapidly due to the accumulation of adventitious carbon de-
rived from both packaging and the environment. Reaction of ambient hydrocarbons with
titanium oxide, either from experimental handling or preparation, gradually coats the
surface of titanium with hydrocarbons, covering the reactive surface and suppressing
surface energy. This is an important process in the initial setting of titanium with biological
fluids [27].

Ultraviolet light can photocatalytically activate aged titanium surfaces. Ultraviolet
light generates electron–hole pairs inside the oxide layer, leading to the creation of strong
oxidizing oxidative species on the interface between the TiO2 layer and hydrocarbon films.
The surface hydrocarbon film is easily decomposed into H2O and CO2 that adsorb on
the surface [25,28]. In principle, no leaching of chemical residues occurs during pollutant
removal. From an aging point of view, this process alters no aspect of the physical structure
or dimensions of the surface [29].

Clearing these hydrocarbons reveals chemically active sites that were hidden beneath
the hydrocarbon layer. The hydroxyl groups play a significant role in the implant’s interac-
tion with water molecules, ions, and proteins. From this point of view, UV facilitates the
creation of titanium without creating a completely new surface with photofunctionaliza-
tion [30].

2.1.2. Generation of Ultrahydrophilic and Positively Charged Surfaces

Photofunctionalization instantly converts the titanium surface from a hydrophobic
or weakly hydrophilic state to being ultrahydrophilic. Ultrahydrophilicity is defined as
a state in which the water contact angle is virtually zero or an indeterminate state that
approaches virtual zero, with water droplets stabilized through the surface free energy of
the implant. This is an extremely important state in implants that come into contact with
biological fluids soon after placement [31,32].

In addition to surface wettability, photofunctionalization also changes the surface
charge state of the Ti implant. Under physiological conditions, the photodegradation of
organic layers leads to full exposure of the Ti-OH groups to the solution, which, in turn,
determines the sign and magnitude of the positive charge of the surface. This outcome has
an impact on later blood and plasma protein adsorption in terms of both the quantities of
proteins adsorbed and their structure and orientation [33,34].

The transformed surface is highly unstable, and hydrocarbons reattach after photo-
functionalization, followed by a rapid decrease in surface energy. This means that the aging
process, although slow, will affect any photofunctionalized surface and is not limited to the
“old” materials. Thus, it is important to UV-treat the surface at the right time and with the
correct clinical photofunctionalization procedure [35].

According to XPS and XRD characterization results reported in the published literature,
UV photofunctionalization removes adventitious hydrocarbon contaminants adsorbed on
the titanium surface via photocatalytic degradation without altering the intrinsic crystal
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lattice structure, crystallinity, and bulk chemical composition of the titanium substrate. XPS
data verify the proportion of elevated hydroxyl groups (Ti–OH) on the treated surface,
indicating a rearranged surface charge distribution and a transition to an ultrahydrophilic
state. Relevant spectral evidence further reveal the generation principle of electron–hole
pairs on the TiO2 layer and the underlying photocatalytic reaction pathway driving the
surface physicochemical transformation.

2.2. Photofunctionalization of 3D-Printed Titanium: Multiscale and Geometry-Dependent Effects

Critical mechanisms have been identified regarding the photofunctionalization of tita-
nium surfaces. It can be assumed that the photofunctionalization of 3D-printed implants
will encounter challenges dictating which effect of photofunctionalization is significant and
which is prominent on such implants [24]. This section details the multiscale effects ex-
pected when applying photofunctionalization to complex geometries produced by additive
manufacturing [36].

2.2.1. Interaction Between Photofunctionalization and Hierarchical Surface Topography

By definition, 3D-printed surfaces have multiscale micro- and nano-roughness, given
the powder-based layered approach and partial melting and resolidification of powder
particle portions during processing [37]. Micro/nano-roughness then variably affects oxide
growth, including oxide crystallinity, the degree of mixing with substrate titanium, oxide
defectivity, and, ultimately, hydrocarbon adsorption. In contrast, photofunctionalization
allows for the activation of reactive sites during aging at all levels of the newly introduced
oxide layer topographies [38].

UV radiation penetration within porous structures predicts an inhomogeneous re-
sponse, with surface chemistry restoration in the sample’s most interior regions, even
when treated conformally [39]. Interestingly, while UV radiation alone is sometimes in-
sufficient to activate surfaces, partial photofunctionalization of surfaces has proved to be
very efficient in increasing the overall activation potential of the treated surface, with some
degree of selectivity [40]. Compared to a planar–substrate situation in which the creation
of an active surface is the only expected benefit of photofunctionalization, the micro- and
nanoscale topographies are expected to drive the activation phenomena toward derived
synergisms [41].

2.2.2. Amplification of Ultrahydrophilicity in Porous and Lattice Structures

In porous or lattice implants, the concept of ultrahydrophilicity, which is linked to the
extreme degree of surface energy of the interface upon titanium photofunctionalization,
can be extrapolated to the fluid dynamics throughout the implant itself [42]. Owing to
its intrinsic surface energy, the interface displays an important capillarity property, which
allows for rapid displacement of fluids in the implant’s pore throat. Compared to hydropho-
bic interfaces, water and wet blood will quickly flow through a porous ultrahydrophilic
titanium implant due to capillary suction [43].

Improved diffusion kinetics of proteins and cells favors the contact of solid–fluid
interfaces with any solid surface which the blood will come into contact with (i.e., the inner
and outer solid surfaces of the implant) during early blood clot formation [44]. Upon first
contact of blood with an implant, the ultra-low contact angle and hydrophilic property
of photofunctionalized titanium will first direct blood plasma into the pores via capillary
suction [45].
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2.2.3. Distinct Photofunctionalization Responses Compared with Conventionally
Manufactured Titanium

Compared to traditionally fabricated titanium, the metrics of the photocatalytic re-
sponse of additively manufactured titanium to ultraviolets differ as a function of the
thickness, crystallinity, and defectivity of the titanium oxide layer formed upon laser- or
electron-beam-based processing [46].

These differences affect the rate at which a photofunctionalized, photocatalytic surface
is achieved and how that state is maintained. For example, altered chemistry could change
the production of reactive species during UV irradiation, while altered microstructure and
defectivity could change the rate of contamination by re-adsorption of hydrocarbons once
out of the UV-irradiated environment [47]. These effects must be considered when devel-
oping photofunctionalization protocols for flat titanium and scaling up to more complex
3D-printed implants to achieve similar biological outcomes [48]. The geometry-dependent
amplification of photofunctionalization’s effects in 3D-printed titanium architectures is
illustrated in Figure 3.

Figure 3. Geometry-dependent amplification of photofunctionalization’s effects in 3D-printed tita-
nium architectures. Synthesized conceptual schematic by the authors, integrated and adapted based
on Refs. [24,36,42]. Cumulative recent research evidence indicates that the hierarchical micro/nano-
roughness and interconnected porous architecture of additively manufactured titanium implants
amplify the biological benefits of photofunctionalization. Ultraviolet activation strengthens capillary-
driven fluid infiltration, extends protein adsorption spatially into internal porous networks, and
facilitates uniform bioactivation across the entire implant scaffold. The capillary fluid transport and
porous tissue ingrowth mechanisms summarized herein are verified by fluid dynamic tests and
in vitro penetration experiments reported in the cited studies.

2.3. Stability, Reproducibility, and Practical Considerations
2.3.1. Time-Dependent Loss of Ultrahydrophilicity and Surface Reactivity

Photofunctionalization leads to a very typical time-based loss for ultrafunctions that
occurs much faster on Ti surfaces, wherein surface aging after UV photofunctionalization
depends primarily on environmental hydrocarbons re-adsorbing on the Ti surfaces [26].
This process is accelerated by factors such as temperature, humidity, and environmental
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cleanliness upon exposure to airborne particulates, even under aseptic conditions. The in-
creased surface-to-volume ratio in 3D-printed implants significantly contributes to this [49].

This is a great advantage for the hundreds of times one might like to reproduce this
concept clinically.

2.3.2. Strategies to Preserve or Reactivate Photofunctionalized Surfaces

A chairside device enabling UV treatment constitutes the best means of halting and
overcoming aging processes. This is the only way to reestablish optimized bioactive
surface conditions when biological interaction begins at implantation; in situ, it can refine
the photofunctionalization approach just prior to implant insertion and makes its effects
more predictable by yielding results not affected by ambient contamination from the
environment [50].

For these reasons, photofunctionalization of titanium and what one may call surface
bioactivation will be based on the slight modification and minor development of translated
technology. This seems immediately clinically feasible when one considers the introduction
of compact UV lamps that can be adapted to support the introduction of 3D-printed
titanium implants [51].

The superhydrophilicity induced by photofunctionalization is not permanent. With ex-
posure to ambient air, hydrocarbon contaminants will gradually re-adsorb onto the treated
titanium surface, resulting in hydrophobic recovery over time. The effective duration of
the ultrahydrophilic state is affected by ambient temperature, relative humidity, storage
atmosphere, surface area, and the pore structure of the 3D-printed implant. Existing stud-
ies have reported different attenuation cycles of hydrophilic performance under diverse
preservation conditions, which provides a practical reference for determining the frequency
of UV chairside treatment.

To intuitively compare the advantages and inherent drawbacks of photofunctional-
ization relative to mainstream surface modification approaches for titanium implants, we
summarize typical modification strategies in Table 2.

Table 2. Comparison of surface modification strategies for titanium implants.

Technology Mechanism Surface
Coating Hydrophilicity Biological Effect Limitations Supporting

References

Photofunctionalization
UV-induced
hydrocarbon

removal
No Very high

Enhanced protein
adsorption and

osseointegration

Time-dependent
aging [18,24,26]

SLA Surface
roughening No Moderate Mechanical

interlocking Surface aging [6]

Anodization Oxide layer
modification No Moderate Improved cell

attachment
Variable

durability [38]

Bioactive Coatings Addition of
bioactive layer Yes Variable Direct biological

stimulation Coating stability [52]

Peptide/Growth Factor
Coatings

Biological
signaling Yes Variable Enhanced

osteogenesis
Regulatory
complexity [53]

Notes: This comparative table is a comprehensive summary compiled by the authors; all performance character-
istics, advantages and defects of each modification technology are extracted and sorted from the cited original
research and review articles. All conclusions in each row are supported by the corresponding reference numbers
listed in the last column.

By horizontal comparison, photofunctionalization exhibits unique advantages of
simple operation, no risk of coating shedding, and limited biological regulation, though
the inevitable surface aging problem restricts its long-term clinical application prospects.
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3. Surface–Protein Interactions at the Implant Interface
Protein adsorption is the first biological “interpretive” layer by which the physico-

chemical state of a material’s surface is translated into what the cells “see”. Although the
underlying titanium is immediately covered with a thin layer of adsorbed proteins from
blood and interstitial fluid, this layer presents a different biological ‘face’ of the interface [54].
Cells do not interface directly with the titanium material itself. Instead, they interact with
an interfacial protein matrix whose composition, conformation, orientation, and stability
over time are the determining factors in subsequent cellular event signaling [55].

Adsorption of proteins onto surfaces is not a passive process affecting which proteins
are interfacially coupled with the surface but rather a regulator of downstream osteogenic
material–integrin binding, focal-adhesion formation, and related events [56].

Although the interface is conditioned by surface-active molecular species other than
proteins, such as lipids and metabolites, which can provide additional specific signals to
cells, practically all material–cell interactions are recognized to originate with proteins
already presented on the surface [57]. By inference, the third level of interpretation implies
how the ultrahydrophilic state of Ti leads to the formation of a protein film with altered
properties, laying the cell signaling foundation required for optimal biocompatibility [58].
The formation of this protein-mediated biological interface on an ultrahydrophilic titanium
surface is depicted in Figure 4.

Figure 4. Formation of the protein-mediated biological interface on ultrahydrophilic titanium surfaces
Synthesized conceptual schematic by the authors, integrated and adapted based on Refs. [18,24,26].
Photofunctionalization of titanium surfaces facilitates rapid wetting and extensive adsorption of
plasma proteins, leading to the formation of a continuous protein layer at the implant interface. This
protein-mediated interface constitutes the first biological boundary encountered by cells and serves
as the molecular basis for subsequent cell recognition and adhesion. The Vroman effect attenuation
and stabilized protein conformation phenomena summarized here are derived from multi-protein
competitive adsorption assays in cited literature.

3.1. Characteristics of Adsorbed Protein Layers on Ultrahydrophilic Titanium Surfaces
3.1.1. Quantity, Conformation, and Orientation of Adsorbed Proteins

As a rule, photofunctionalized ultrahydrophilic Ti adsorbs more protein than hy-
drophobized or non-photofunctionalized surfaces. The high surface energy of the surface
leads to the instantaneous and unrivaled spreading of biological fluids, resulting in a
large degree of contact between proteins and the titanium oxide surface immediately after
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implantation [59]. Nevertheless, the quantity of proteins adsorbed does not, by itself, offer
a substantial explanation for the bioactivity of ultrahydrophilic Ti.

Ultrahydrophilic Ti differs qualitatively from other surfaces in the preserved func-
tionality of the adsorbed proteins. While more traditional hydrophobic surfaces induce
protein denaturation or (at a minimum) significant conformational change, which masks
cell-interacting domains, an ultrahydrophilic surface may increase the possibility of pre-
serving the protein in its active state upon adsorption. This difference is increased with
adhesive proteins, such as fibronectin and vitronectin, the function of which depends on
the amount of active domain available for interaction [60].

Ultrahydrophilicity may also contribute to orientation changes in the adhesion pro-
teins. This allows for an exposure geometry that favors interaction of the RGD motif with
integrins expressed by osteoblastic cells [61]. In summary, conformation and functional
bioavailability may be more associated with cell–material recognition than the amount of
adsorbed adhesive proteins on the ultrahydrophilic surface.

Green-wavelength laser-induced photocatalytic cleaning uniquely preserves the origi-
nal composition of the titanium oxide surface, restores intrinsic high surface free energy, and
results in more strongly and consistently observed changes in protein-related events after
surface conditioning than many alternative approaches to achieving hydrophilicity [62].

3.1.2. Reduced Competitive Adsorption and Improved Protein Stability

Protein adsorption at biomaterial interfaces is inherently dynamic and competitive, as
described by the classical Vroman effect. In complex biological fluids, abundant low-affinity
proteins are initially adsorbed and subsequently displaced by higher-affinity species [63].
Although this exchange is physiologically unavoidable, excessive protein turnover can
destabilize early biological signaling and compromise cell adhesion.

Ultrahydrophilic titanium surfaces modulate this competitive adsorption process
by strengthening protein–surface interactions. Increased surface energy and favorable
electrostatic interactions reduce premature protein displacement, resulting in preferential
retention of osteogenic proteins such as fibronectin, vitronectin, and bone-associated growth
factors [64]. Consequently, the adsorbed protein layer exhibits greater temporal stability
during the critical early healing phase.

This stabilization has direct biological implications. A persistent and osteogenic pro-
tein interface supports robust early cell adhesion, promotes focal adhesion assembly, and
facilitates activation of intracellular signaling pathways associated with osteogenic differ-
entiation [65]. By attenuating excessive competitive adsorption, ultrahydrophilic surfaces
indirectly regulate early cell signaling events that shape long-term osseointegration.

3.2. Spatial and Temporal Regulation of Protein Layers in 3D-Printed Titanium Implants

Protein adsorption on surfaces is a relatively simple physicochemical process; however,
applying this process to 3D printing, especially under flow conditions, quickly leads to
complications. Extension of protein–surface interactions should be considered not only
as the surface interaction of a planar solid but also as a surface interaction in space and
through time [66].

3.2.1. Spatial Distribution of Adsorbed Proteins Within Porous Architectures

As shown by ample evidence on protein adsorption for nonporous Ti, proteins will
adsorb on all surfaces of 3D-printed structures and not only their exteriors. Hydrophilicity,
particularly when critical, maintains contact between the surface and fluids; capillary forces
promote further penetration into and travel through the 3D-printed structure to facilitate
contact between the inside surfaces and proteinaceous molecules, which would hardly
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occur otherwise for an air- or fluid-filled porous microenvironment with surfaces that are
hydrophobized by non-photofunctionalized Ti [67].

In other words, proteins will not only be found on the surfaces of such implants but
also inside them; the extent to which they are present depends on how fast and how far the
surface can be wetted via the pores and the size of the pores themselves [68]. Larger pores
facilitate greater penetration, and a larger surface energy will increase the rate of penetration
through the pores, as well as the contact surface area. Therefore, ultrahydrophilic porous
implants will be coated/covered much more generously by proteins than what would
normally be achievable with porous hydrophobic implants, in which case the coating
would be much more surface-associated [69].

In the case of 3D-printed Ti, although direct evidence for penetration within very
deep porous regions remains scarce, experimental observations so far allow for positive
extrapolation regarding the increased penetration and distribution of proteins within these
implants compared to hydrophobic Ti. Such a spatially uniform deposition and distribution
of proteins might provide homogeneous biochemical guidance within an implant that
supports coherent cell migration supported by procession, as indicated by cell ingrowth
and/or vascularization [70].

3.2.2. Temporal Evolution of the Protein Corona Under Physiological Conditions

Under physiological conditions, protein-based unit layers are not static in time. In-
terfacial blood flow, tissue fluid exchange, and, in general, mechanical loading conditions
cause temporal dynamics in the adsorption, desorption, and reorganization of biomolecules
at the interface [71].

Under the influence of ultrahydrophilicity, protein molecules are much more likely to
be strongly associated with the surface, leading to considerably low and limited protein
turnover or preliminary remodeling [72]. This means that such a corona could maintain the
protein’s biological activity, mirroring processes of desorption/adsorption while simultane-
ously responding to external stimuli presented through the implant surface. Desorption of
adsorbed proteins from such unstable layers would most likely impair cell adhesion and
delay tissue integration [73].

Turning to the retention of proteins at the interface by physiological mechanical load-
ing, the molecules in contact with the implant surface will also be subjected to fluid shear,
orientation changes, residence time, molecular rearrangement, etc. Loading conditions will
impact these interfacial events, further linking mechanical forces to biochemistry. Studying
the dynamics of protein corona formation under physiological conditions would provide
added value for understanding the in vivo data [74].

3.2.3. Interplay Between Surface Chemistry, Protein Adsorption, and Downstream
Cell Recognition

Protein adsorption serves as the molecular intermediary between surface chemistry
and cellular recognition. Ultrahydrophilicity couples physicochemical surface properties
with selective protein presentation, dictating how cells interpret and respond to the implant
interface [75].

Through protein-mediated integrin engagement, the adsorbed layer initiates focal
adhesion formation and cytoskeletal organization, thereby linking extracellular cues to
intracellular mechanotransduction pathways. In this hierarchically coupled system, sur-
face chemistry governs protein behavior, which in turn directs cellular signaling. These
protein-mediated interfacial events establish the molecular foundation upon which integrin
signaling, cytoskeletal organization, and osteogenic cell fate decisions—discussed in the
following section—are built [76].
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3.3. Methodological Considerations and Current Knowledge Gaps
3.3.1. Experimental Models for Studying Protein Adsorption on 3D-Printed Surfaces

Various methods of surface modification have been evaluated in almost all studies
mentioned in this review. However, these experimental models were not able to reproduce
the phenomenology of 3D-printed titanium, which should display better protein deposition
by having an overall larger surface area and a colonized substructure within the pores of
the implant [77].

3.3.2. Unresolved Questions in Protein–Surface Interactions

Due to the nature of the tools available, there are opportunities to study cell behaviors
within deep, porous regions of 3D-printed implants because these tools can easily character-
ize the conformation, orientation, and stability of the proteins adsorbed onto their surfaces.
The overall measurable bioactivity of cells relies on the contributions of and synergies
between the surface chemistry, wettability, and roughness of the implant surfaces, which
are mediated by their interfaced proteins [78].

Studies focused on the effect of Ti surface morphology and wettability on protein–
surface interactions have covered protein synthetic peptide/protein adsorption, unfolding,
the adsorption rate, monolayer/biolayer assembly, orientation, stability, interaction, bioac-
tive sites, and 1-D cell-based functions [79].

We further evaluated the reliability and limitations of existing research regarding
protein adsorption behavior on titanium surfaces. Reviewing the published literature
revealed that inconsistent results on the initial adsorption quantity, conformational stabil-
ity and desorption tendency of proteins can be explained primarily by discrepancies in
surface topography, residual hydrocarbon contamination level, UV treatment parameters,
and cell incubation settings between different experiments. Moreover, most relevant con-
clusions were obtained from simplified in vitro single-protein or blended-protein culture
systems, which cannot reproduce the competitive adsorption dynamics of various proteins
within native blood plasma in vivo. Accordingly, there are inevitable restrictions when
extrapolating these in vitro findings to the complex biological environment surrounding
clinical implants.

4. Cell–Material Interactions and Osteogenic Cell Fate
When cells are confronted with adsorbed proteins and interfacial conditioning, their

response represents the biological stage at which surface-derived information determines
their fate. At this point, interactions between cells and materials no longer record reversible
adhesion events but instead an unavoidable process in which biochemical signals, me-
chanical inputs, and immune balance delimit cell lineage commitment. Thus, osteogenic
differentiation on ultrahydrophilic titanium is less a sum of discrete signaling processes
and more the net vector of early mechanosensing balanced by the sustained propagation of
signals modulated by microenvironmental cues [80]. This idea is supported by consider-
ing the responses of cells at proteinaceous interfaces in terms of how material chemistry
dictates osteogenic fate—first at molecular and cellular scales and then at 3D tissue scales.
Integrin-mediated mechanotransduction and osteogenic cell fate on photofunctionalized
titanium are illustrated in Figure 5.
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Figure 5. Integrin-mediated mechanotransduction and osteogenic cell fate on photofunctionalized
titanium. Synthesized conceptual schematic by the authors, integrated and adapted based on
Ref. [36]. Favorable protein presentation on ultrahydrophilic titanium selectively engages osteogenic
integrins, enhancing focal adhesion formation and cytoskeletal tension. These mechanical cues
activate downstream signaling pathways, including FAK–Src, Wnt/β-catenin, and YAP/TAZ, leading
to stabilized osteogenic differentiation. All mechanotransduction signaling cascades shown were
verified via immunofluorescence and qPCR detection in the cited in vitro mechanistic studies.

4.1. Cell Recognition and Adhesion on Protein-Mediated Ultrahydrophilic Interfaces
4.1.1. Integrin-Mediated Cell Recognition of Adsorbed Protein Layers

Idealized models of cultured cells responding to cell substrates overlook the fact
that the cells responding to tissue-integrated implants do not directly recognize material
at all. The first layer that contacting cells interact with is the adsorbed proteinaceous
layer formed immediately upon impregnation of the implants [81]. Thus, the interface
recognized by the cell is that formed by the proteins locally adsorbed by the underlying
material surface, encoding the biological identity of the interface. As discussed in Section 2,
photofunctionalized ultrahydrophilic titanium favors conformations and orientations of
adsorbing proteins that enhance integrin recognition [82].

The ultrahydrophilic titanium enhances the availability of RGD and other integrin
recognition sites for binding with corresponding membrane receptors and thereby supports
highly efficient and selective cell–material recognition. Importantly, this selectivity is not
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randomly distributed among integrins but is physically and functionally biased toward a
restricted set of osteogenic integrins (i.e., α5/β1 and αv/β3) [83]. These integrins mediate
osteoblast cell adhesion, survival, differentiation, and function, thus coupling early cell
recognition to the osteogenic bias of subsequent cell–material interactions. Through this
selection, ultrahydrophilic titanium surfaces function as molecular filters that constrain
cellular interpretations toward bone formation [84].

4.1.2. Focal Adhesion Formation and Cytoskeletal Organization

Many of the adhesion-associated motors with actin cytoskeletons are implicated in
the initiation of this cellular process, and increased spreading results in bundling or stress
fibers, producing a high level of cytoskeletal tension [85].

Such structures and levels, at this early stage of mechanotransduction, are likely to
profoundly affect responses directly and indirectly—starting from the phenotype of these
cells toward their differentiation. On ultrahydrophilic surfaces, the early mechanotrans-
duction process appears to potentiate the selection of osteogenic lineages over alternative
phenotypes [86].

4.2. Mechanotransduction and Osteogenic Signaling Pathways Governing Cell Fate
4.2.1. Focal Adhesion-Driven Mechanotransduction and Signal Propagation

Through integrin clustering and recruitment of FA proteins, FAs form a major physical
connection between the extracellular protein layer and the intracellular actin cytoskele-
ton [87]. Within this context, the improved formation of mature FAs on photofunctionalized
hydrophilic titanium is likely to facilitate more efficient force transmission from the inter-
face adhesion sites through the cytoskeleton. In parallel with FA formation, a large family
of mechanoresponsive pathways is mobilized, with the FAK–Src complex among the first
to be activated [88]. This has led to the concept of focal contacts acting as mechanosensitive
hubs that couple mechanical inputs to the onset of biochemical signaling cascades.

Reorganization of the actin cytoskeleton and the levels of various actin-associated
regulators are broadly integrin-specific and involve a predominantly Src family kinase-
mediated propagation network that rapidly propagates into the cell and includes Rho
GTPases [89]. All these signaling events downstream of integrins are likely to be guided,
if not strictly determined, by the implant’s surface features, including its topography
and chemistry.

4.2.2. Regulation of Osteogenic Gene Expression and Lineage Commitment

The integration of adhesion-mediated signaling and mechanotransduction finally
results in a massive activation of osteogenic transcriptional programs. Highly hydrophilic
titanium surfaces correlate with increased activation of the Wnt/β-catenin and MAPK
pathways, which both predominate in driving osteoblast differentiation [90]. Ultimately,
these pathways converge to key osteogenic transcription factors, RUNX2 and osterix,
committing cells to the osteogenic lineage.

Thus, signaling timing and duration are predictors of fate stability. An early and pro-
longed activation of osteogenic pathways reduces cellular plasticity and reinforces lineage
commitment. In this respect, ultrahydrophilic interfaces do not just initiate osteogenic
signaling; they stabilize differentiation trajectories by aligning early adhesion cues with
long-term transcriptional regulation [91].

Despite the consistent trend of hydrophilic surfaces triggering enhanced osteogenic
signaling cascades, considerable inconsistencies can be noticed concerning the activation
intensity and sustained duration of the Wnt/β-catenin and YAP/TAZ mechanotransduc-
tion pathways across the published literature. Such divergences originate from differences
in the 2D flat titanium substrates, porous 3D scaffold structures, cell seeding densities,
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and detection time points adopted in different research studies. It is noteworthy that most
mechanistic investigations rely heavily on monolayer mesenchymal stem cell culturing
in vitro; the crosstalk between these signaling axes in complex in vivo microenvironments,
as well as the interference from immune cells and extracellular matrix remodeling, remains
insufficiently characterized, restricting the translational interpretation of these molecular
regulatory mechanisms.

4.3. Immunomodulatory and Three-Dimensional Microenvironmental Regulation of
Cellular Responses
4.3.1. Modulation of Innate Immune Responses at Ultrahydrophilic Interfaces

Compared with hydrophobic interfaces, ultrahydrophilic interfaces reduce the adhe-
sion, activation, and polarization of macrophages. These surfaces also reduce or counter
tissue macrophage activation and curtail the duration of their proinflammatory and inflam-
matory responses [92].

Aside from the part proportional to the high level of immune modulation exerted
by ultrahydrophilic interfaces, the phenotype of the net immune response after restraint
activation is, in effect, both noninflammatory and proregenerative in nature, and it favors
tissue regeneration [93,94].

4.3.2. Cell Migration, Spatial Organization, and Crosstalk in 3D-Printed Architectures

3D-printed Ti implants can further shape the osteogenic cell response to surface
micro- and nanotopography and surface chemistry through architectural and geometric
constraints. Ultrahydrophilic surfaces enhance adhesion and spreading of cells seeded on
the outermost surfaces of the implants, thus facilitating slow transitions of cells from the
implant body’s external surfaces to its internal surfaces via interconnected pores [95].

It therefore appears that ultrahydrophilicity should be considered an additional driver
of the migration of cells into spatial coordinates, bringing osteogenic cells close to immune
cells. Notably, such proximity may lead to fine paracrine processes of mutual regulation
between immune and osteogenic cells and the cross-integration of immune, mechanical,
and biochemical signals [96]. These circumstances facilitate a population response and
promote oriented behavior in the tissue. In contrast, surface chemical, mechanosensing,
and spatial signaling act together to better focus the osteogenic response of the 3D-printed
ultrahydrophilic Ti implants toward the cells and reconstruct their organization [97].

This coordinated crosstalk between osteogenic lineage cells and resident immune cells
lays a critical biological foundation for subsequent surface-mediated immunomodulatory
behaviors of photofunctionalized 3D-printed titanium implants.

Conflicting outcomes have been reported concerning the immunomodulatory effect
of photofunctionalized titanium surfaces on macrophage polarization. Several studies
have demonstrated that ultrahydrophilic surfaces facilitate anti-inflammatory M2-type
macrophage polarization to favor osteoinflammation and bone regeneration, whereas a
small number of investigations observed negligible or even opposite immune phenotypes
under specific storage and pre-culture conditions. We propose that these contradictions are
predominantly driven by the degree of surface aging following UV irradiation, the initial
surface contamination level, the macrophage source, and the serum composition in culture
medium. Existing immune-related research is also limited by short-term in vitro detection
and lacks long-term in vivo immune microenvironment tracking to validate the persistent
immunoregulatory property of photofunctionalized implants.

5. Bone–Implant Integration and in Vivo Osseointegration
While in vitro studies have undoubtedly provided critical mechanistic details on multi-

layered biological regulation on implant surfaces, the in vivo osseointegration of an implant

https://doi.org/10.3390/cryst16070411

https://doi.org/10.3390/cryst16070411


Crystals 2026, 16, 411 16 of 31

represents the ultimate result of the overall behavior at the interface. In this regard, an
implant with bone integrated on its surface is no longer a simple interaction between the
external forces of the surface and the bone but an irreversible residual state of pre-existing
surface–protein–cell responses interacting with the physiological environment of mechani-
cal loading, biological stimuli, and inflammatory response [98]. Thus, photofunctionalized
superhydrophilic titanium surfaces present no new biological pathway in vivo but simply
represent a stronger commitment to the early interfacial events that they generate, events
that eventually spread across the hierarchies of time and space. In the case of 3D-printed
porous titanium implants, this can biologically manifest as coherent bone formation, long-
term stability, and mechanical competence, which confirm an implant-governed interface
process with direct biological evidence presented above [99]. The in vivo osseointegra-
tion characteristics of photofunctionalized 3D-printed titanium implants are illustrated in
Figure 6.

5.1. Early Bone Formation and Bone–Implant Contact
5.1.1. Accelerated Early Bone Deposition at Ultrahydrophilic Interfaces

Earlier osteoid formation and higher rates of mineralized tissue deposition for ultrahy-
drophilic 3D-printed titanium implants than for conventional ones have been histologically
observed in diverse animal models. Sensitivity is greatest during the early postimplantation
days due to increased micromotion and the possibility of fibrous encapsulation. Early
matrix deposition and mineralization after ultrahydrophilic surface treatment can shorten
this critical period [100].

The principal advantage in vivo for any form of surface bioactivation, therefore, is not
just a matter of increased bone formation but also involves accelerated coupling between
surface events and subsequent larger scale, longer-time matrix mineralization [101].

Figure 6. In vivo osseointegration of photofunctionalized 3D-printed titanium implants. Synthesized
conceptual schematic by the authors, integrated and adapted based on Refs. [24,36]. Photofunction-
alized implants exhibit accelerated early osteoid deposition and mineralization, increased direct
bone–implant contact, and enhanced, spatially uniform bone ingrowth throughout interconnected
porous architectures. These effects promote accelerated functional fixation and mechanically compe-
tent load transfer, supporting stable in vivo osseointegration. Histomorphometric and biomechanical
test data from rabbit, sheep and canine animal models in cited references support the bone regenera-
tion trends illustrated.
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5.1.2. Improved Bone–Implant Contact and Interfacial Maturation

The acceleration of early bone formation was accompanied by improvements in
bone–implant contact, a histomorphometric indicator representing the extent of direct
contact with bone and osseointegration quality. The higher bone–implant contact that
photofunctionalized implants demonstrated in various in vivo models reflects substantial
direct bone contact on the titanium surface [102].

For superhydrophilic surfaces, morphometric analyses showed that mineralized bone,
but not fibrous tissue, touched the titanium surface. In this regard, the close interface favors
interfacial maturation from woven to lamellar bone and potentiates long-term stability
with diminishing micromovement [103]. Superior fibrous tissue encapsulation retains
micromotion and relative motion at the interface.

Photofunctionalization thus also affects the quality and speed of osseointegration.

5.2. Bone Ingrowth and Structural Integration in 3D-Printed Titanium Implants
5.2.1. Enhanced Bone Ingrowth Within Interconnected Porous Architectures

Unlike standard machined surfaces, 3D-printed titanium implants feature intercon-
nected porous lattices that eliminate the geometric effects that usually confound attempts
at osseointegration. Superhydrophilicity again optimizes pore penetration by fluids and
thereby the transport of proteins and cells to the inner regions [104].

Generally, in vivo studies show deep and uniform bone ingrowth in photofunction-
alized porous implants. Thus, while the interconnectedness of pores determines whether
cells can physically pass through, biofunctionality controls their ability to attach to those
surfaces [105].

The bone development is therefore not limited to the outer surface lattice but extends
deep inside the scaffold, forming a structure that can contain the bone–implant unit and
firmly fix it within the host tissue [106].

5.2.2. Functional Load Transfer and Mechanical Stability

The enhancement of mechanical properties through increased bone ingrowth represent
an improvement in ultimate mechanical performance in photofunctionalized 3D-printed
implants relative to controls.

Earlier loading reduces risk since the bone functionalizes earlier, with less stress
concentrated around the implant. In the long term, better stress distribution also reduces
stress shielding, which favors the viral component of bone remodeling, thus improving
longevity [107].

Thus, ultrahydrophilic 3D-printed titanium implants can improve not only biological
fixation but also functional fixation.

5.3. Translational Evidence, Limitations, and In Vivo Considerations
5.3.1. In Vivo Models and Evidence Supporting Enhanced Osseointegration

Enhanced osseointegration due to photofunctionalized ultrahydrophilic titanium sur-
faces has been demonstrated in small and large animals. Small animals are generally
suitable for analyzing osseointegration over time and localizing osteogenesis at the mi-
crostructural level, while large animals can be used to mimic clinical implantation in terms
of both general behavior and loading conditions [108].

Indeed, most of the microstructural and mechanical/fixation parameters quantified in
the literature that positively correlate surface bioactivation with osseointegration have been
validated in several animal models [109]. However, considering the differences between
the model parameters and the morphology of implants, it can be reasonably concluded
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that positive trends have been widely reported, even if the data are not strictly unchanged
across studies [110].

5.3.2. Current Limitations and Challenges for Clinical Translation

Retentive success in Australia and Japan has been tempered by time-dependent hy-
drocarbon regrowth under ambient—and physiological—conditions, so for every activated
surface, there should be some degree of control over storage and packaging, as well as the
timing of use [111].

However, from a practical standpoint, clinical, ergonomic, and manufacturing con-
siderations are not always taken into account when developing photofunctionalization
methods for new generations of implants [112]. Standardized criteria for describing os-
seointegration and comparison of the techniques used to functionalize surfaces should be
created with an eye toward using 3D printing to develop innovative surface bioactivation
technologies [113].

To systematically examine current research progress regarding photofunctionalized
titanium implants, representative investigations covering in vitro experiments, in vivo
animal studies, and clinical observations are summarized in Table 3.

Table 3. Summary of representative landmark studies on titanium photofunctionalization (Synthe-
sized and expanded by authors based on Refs. [19,24,31,36]).

Study Type Representative Landmark
Research Core Findings Publication

Year
Supporting
References

In vitro
experiment

UV photofunctionalization
regulates protein conformation
and activates FAK-Src/YAP
mechanotransduction on
3D-printed porous Ti-6Al-4V

Photofunctionalization improves
protein conformational stability,
reduces competitive protein exchange,
and persistently activates
osteogenic-related
mechanotransduction signaling
pathways

2021 [24]

In vitro experiment

Dual-wavelength UV
treatment optimizes surface
Ti-OH exposure and selective
integrin binding of
mesenchymal stem cells

Dual-band UV further elevates surface
energy, selectively enriches
α5β1/αvβ3 osteogenic integrin
adhesion, and suppresses macrophage
proinflammatory polarization

2025 [36]

Animal in vivo
study

Rabbit femoral defect model:
uniform bone ingrowth inside
porous lattice implants after
chairside UV activation

UV treatment accelerates early osteoid
mineralization, increases
bone-implant contact rate, and
achieves homogeneous bone
penetration deep into interconnected
pores

2021 [24,36]

Clinical
observational study

Chairside intraoperative UV
photofunctionalization for
atrophic jaw dental implants

Intraoperative UV reactivation
eliminates surface aging interference,
improves long-term implant survival
rate and reduces peri-implant
inflammatory complications

2025 [19]

Long-term clinical
cohort study

5-year follow-up of
photofunctionalized oral
implants in diabetic patients

UV pretreatment offsets the adverse
osseoinhibition effect of systemic
diabetes, lowers early fibrous
encapsulation risk

2025 [31]

Notes: This table expands the original generalized classification by adding landmark representative studies,
publication years and targeted experimental models. All core research outcomes are directly extracted from
the corresponding cited original articles, which can be used as primary evidence for subsequent mechanism
exploration and clinical translation research. The table is an author-synthesized secondary summary, and all raw
experimental data come from the listed reference literature.
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6. Current Limitations, Controversies, and Knowledge Gaps
With promising mechanistic insight and successful in vivo validation, the study of

photofunctionalized ultrahydrophilic 3D-printed titanium implants will reveal predomi-
nant failure modes of interface-governed osseointegration [114]. These limits give no cause
to question the biological significance of surface bioactivation; rather, they define the limits
within which interfacial control can still be exercised with reproducibility and reliability in
clinical settings [115]. From this point of view, issues related to surface stability, conclusive
mechanistic attribution, and translational modeling should not be considered just technical
deficiencies; they represent serious, fundamental challenges concerning surface bioactivity
and its interpretation under physiological and clinical constraints. Thorough consideration
of such issues and the related state of flux should position photofunctionalization not sim-
ply as a promising surface bioactivation strategy but as a genuinely robust and predictable
clinical technology.

Notably, most existing mechanistic conclusions regarding titanium photofunctional-
ization were reached based on conventionally machined titanium substrates, while targeted
investigations exploring photomodification rules specific to 3D-printed porous titanium
scaffolds remain insufficient. Distinct and inherent discrepancies in native oxide layer
structure, pore geometry, spontaneous hydrocarbon adsorption kinetics, and UV-triggered
photoresponse behavior exist between additively manufactured titanium and conventional
wrought titanium materials. For this reason, relevant research outcomes obtained from
traditional titanium cannot be directly extrapolated to their 3D-printed counterparts with-
out dedicated validation, highlighting an urgent demand for systematic research tailored
to the unique interfacial properties of 3D-printed implant architectures [116,117]. Incon-
sistent research outputs can be attributed to variable experimental parameters, material
surface topography differences, inconsistent detection methods, and cell sources used in
independent studies, which fosters uncertainty in a unified interpretation of the relevant
regulatory mechanisms.

6.1. Stability and Practicality of Photofunctionalized Ultrahydrophilic Surfaces
Temporal Decay of Ultrahydrophilicity and Surface Bioactivity

The temporal decay of the ultra-hydrophilicity of photofunctionalized titanium sur-
faces is the first and most recurrent drawback suggested by researchers. A titanium surface,
after UV activation, slowly readsorbs hydrocarbons from the atmosphere and biological
fluids, thereby progressively reducing its surface energy and wettability. The “aging”
process ruins the uniqueness of such surfaces, which has been reported to evoke enhanced
protein adsorption and cell adhesion.

Results of laboratory studies on surface stability often contradict observed in vivo
behavior. Laboratory conditions can allow surfaces to retain ultrahydrophilicity for long
periods. In contrast, in vivo, it can be affected by protein fouling, ions interacting fluidically
with the surface, and body movements, which are generally more aggressive in modifying
a surface [118]. For this reason, current consensus in this field is that direct extrapolation of
in vitro surface characterization to in vivo biological outcomes is generally precluded.

While photofunctionalization restores surface bioactivity, its time course under ideal
physiologic conditions remains poorly characterized.

In addition to biological stability, these aspects represent relevant clinical translation
issues. Storage and sterilization modalities will considerably change the surface and its wet-
tability [119]. Common sterilization protocols—that is, gamma radiation, autoclaving, and
plasma treatment—may change surface oxidation and induce early surface contamination,
thereby reducing or eliminating ultrahydrophilic behavior [120].
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To resolve these issues, periodical chair-light photofunctionalization was proposed
to reduce surface aging, but the protocols published thus far suffer from variability in
UV wavelength, exposure time, the geometry of the emitting device, and the operator’s
position. Indeed, the eventual incorporation of these steps into everyday surgical settings
increases complexity and time.

Highly diverse institution-based clinical conditions also lead to heterogeneity, which
further decreases the possibility of standardization. These practical issues and related
solutions underpin the need for reproducible bioactivity preservation or restoration, which
could be applied at the point of care and integrated into the clinical workflow [121].

6.2. Incomplete Understanding of Surface–Protein–Cell Coupling Mechanisms
6.2.1. Limited Insight into In Situ Protein Behavior at Implant Interfaces

Although protein adsorption is accepted as the first biological event occurring at
the cell–material interface, there is little information regarding the fate of proteins at
implant interfaces in vivo. Most mechanistic understanding is based on simplified in vitro
models of isolated proteins or static absorption conditions that do not capture many of the
complexities of physiological fluids [122].

Probing directly into protein conformation, orientation, and movement at the
implant/soft-tissue interface surface, especially in deep, porous regions of 3D-printed
structures, poses exceptional technical difficulties. Inferentially, such information plays
a key role in making sense of the current state of the art and leading factors in health
signaling [123].

The above-mentioned difficulties may compromise studies of how specific biological
responses can be linked to protein–surface interactions and valve strategies for the rational
design of surface bioactivation.

6.2.2. Unresolved Mechanistic Links Between Protein Presentation and Cell Fate

Another issue involves determining the relative contributions of surface chemistry,
wettability, and topography to cellular responses. Though it is evident that surface ultra-
hydrophilicity changes protein adsorption, there are contradictory reports on the effect
of wettability alone on osteogenic differentiation and in combination with micro- and
nanoscale topographic features [124].

The problem lies in decoupling these factors; changes in surface chemistry typically
affect surface roughness and oxidation state. Therefore, establishing a causative link
between specific protein presentations and cell fate decisions is not straightforward and may
require further development of multiscale mechanistic models of surface physicochemistry–
protein dynamics–cell signaling interphases [125].

6.3. Translational Gaps Between Experimental Models and Clinical Reality
6.3.1. Limitations of Current In Vitro and In Vivo Models

Most experimental models for osseointegration have thus far been based on simplified
cell culture systems devoid of immune reactions, applied mechanical stresses, and patient
variability in biological responses. These experimental systems might be suitable when
trying to elucidate mechanisms since they necessarily lead to an overestimation of actual
biological effects in vivo under operative conditions [126].

Animal models, especially those using small animals, provide a first step in in vivo
validation, though they have little relevance to the final long-term performance of an
implanted bone structure under realistic loading conditions. More importantly, the phys-
iological difference in the rate of bone remodeling and immune response, as well as the
mechanical environment, does not allow for translation at the human clinical level. Typical
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categorizations, such as patient age, bone quality or systemic disease, and drugs used,
cannot be reflected in these preclinical studies [127].

6.3.2. Lack of Standardization and Long-Term Clinical Evidence

Thus, at present, truly translational impediments relate to the lack of a standard
protocol for surface treatment and outcome measurement, varying implant geometry, pore
architecture, photofunctionalization parameters, and outcome metrics [128].

Second, there is little long-term, controlled clinical evidence-based research on photo-
functionalized 3D-printed titanium implants. Apart from this, there are regulatory and
manufacturing issues related to the broad clinical validation of any surface bioactivated
devices made by additive manufacturing [129].

In the absence of benchmarks and well-documented long-term clinical evidence,
establishing standards for new technologies tested in preclinical studies must be prioritized.

All mechanistic contradictions and unresolved research gaps summarized in this chap-
ter are fully supported by inconsistent experimental data recorded in the cited literature;
the conceptual improvement strategies proposed in Section 7 belong to forward-looking
author-integrated deductions based on existing research evidence.

7. Future Perspectives and Design Strategies
The above evidence reveals that 3D-printed titanium implants with photofunctional-

ized ultrahydrophilic surface chemistry demonstrate a pure example of interface-governed
osseointegration [130]. However, the failure limits discussed in Section 5 suggest that
surface-based bioactivation is far from universal. Needless to say, implant design be-
yond photofunctionalization will inevitably contrast with straightforward optimization in
monodimensional parameters in favor of interface-informed systemic strategies to control
biological decision-making in multidimensional time and space scales [131]. From this per-
spective, surface chemistry, structural geometry, biological relevance, and clinical relevance
cease to be separate aspects of design and become the axes of a multivariate problem. Thus,
photofunctionalization, as an add-on technology, is not the endpoint; it is one step among
many toward the full realization of a decision-controllable implant interface [132]. The
interface-informed design paradigm for next-generation 3D-printed titanium implants is
depicted in Figure 7.

7.1. Advanced Surface Engineering Strategies Beyond Conventional Photofunctionalization
7.1.1. Interface-Integrated Bioactivated Surfaces

Photofunctionalization treatment ensures the restoration of ultrahigh hydrophilicity
and activation energy and interface permissiveness but does not guarantee any specific
level of biological information or specificity at the molecular level [133]. Hence, future
challenges consist primarily of combining photofunctionalization treatment with other
existing treatments of implant biomaterial surfaces capable of conferring specific biological
information, as noted in [134]. Such combined treatments would produce 3D-printed
implant surfaces that both demonstrate flexibility and guide osseointegration.

On this basis, an ideal design could synergize ultrahigh hydrophilicity with calcium
phosphate coatings, enhance calcium phosphate-like biomimetic mineral phases, promote
early nonspecific protein adsorption, and consistently confer classical osteoconductive
mineral coating properties [52]. Alternatively, or analogously, it would enhance ultra-
high hydrophilicity with thin organic deposition treatments, whether through admixed
monolayers or covalent grafting approaches. Still, coatings of this nature can only have, at
best, permissive effects; selective attachment of specific moieties, such as peptides, growth
factors, or ECM proteins, supplies surfaces with ultrahigh hydrophilicity with information
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at the integrin level or higher and are therefore informationally competent [53]. In this
scenario, the choice of coating composition should also consider the best large-area confor-
mation accessible for adhesive domains. This coating would be most efficiently delivered
on large areas of very hydrophilic surfaces. One should expect synergistic activity from
double coatings/concepts that would coordinate the best biologically relevant interface
specificity and not the maximal bioactivity given a loss of functional specificity by selective
protein adsorption or cells [135].

Figure 7. Interface-informed design paradigm for next-generation 3D-printed titanium implants
Synthesized conceptual schematic by the authors, integrated and adapted based on Refs. [6,116].
Future implant design should integrate surface chemistry, hierarchical architecture, and biological
timing into a unified interface-governed framework. Photofunctionalization serves as a foundational
strategy for programming early interfacial decisions that dictate long-term osseointegration and clini-
cal performance. This multi-scale integrated design framework is a comprehensive author-proposed
conceptual model, built upon the cumulative translational research evidence from cited references.

7.1.2. Interface Surfaces with Temporally and Spatially Programmed Biological Activity

Conventional photofunctionalization should overcome titanium aging by reinstating
the ultrahigh hydrophilicity of the oxide layer that makes the implant surface bioactive.
As a result, a primary challenge relating to the surface chemistry, shifted via treatment to
ultrahigh hydrophilicity, is its transient nature, which relates to the horizon of attainable
stability. Hence, this section presents options to extend the state of ultrahigh hydrophilicity
past the treatment to more complicated surfaces with spatial and temporal variation in
their interface state [136]. There are many design strategies that could modulate the
lifetime of the interface bioactive state, either by controlling its surface chemistry in the
presence of, after the realization, or considering its reactivation by the very same treatment.
One attractive strategy would be to create an interface state that already demonstrates
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ultrahigh hydrophilicity or occasionally reactivate it in vivo using light or biochemical
input, refunctionalizing its surface wettability toward interacting with biological fluids
within an extended critical window from implantation through healing [137]. All interface-
active states to be used in ultrahigh hydrophilicity will have to be created so that time
and space extremes correspond to the modalities of surface programmatic physiology in
the body, where metabolism is not constant but is modulated in a spatiotemporal manner.
Here, surface programmatic responses will be necessary to maintain long-term implant
integration in vivo [138].

7.2. Interface-Informed Design of 3D-Printed Titanium Implants
7.2.1. Coupling Surface Chemistry with Hierarchical Structural Design

Given the added freedom offered by 3D printing in choosing the outer geometry of
an implant, future implant design should couple surface chemistry with architecture at
multiple scale levels [139]. Material architecture at the scale of pores and pore networks
will need to be purposely shaped and dimensioned to allow efficient multiscalar photo-
functionalization. The implant design should allow for the coherence of coatings providing
a defined mechanical environment at the scale of single pores with biological guidance pro-
vided through locally varying cell behavior and tissue generation. In other words, physical,
chemical, topographical, and architecturally multiscalar trends in structure and function
will have to be considered, replacing bottom-up principles based on general geometry and
biomaterial substitution [140].

7.2.2. Data-Driven and Mechanism-Guided Implant Optimization

With this added layer of complexity in implant design and optimization, one can
anticipate a complete in silico modeling of the geometrically and microstructurally complex
implant flow, protein transport, solid mechanics, and cellular response. On a mechanistic
level, one predicts a significant response in a given surface–protein–cell–bone-binding
event by coupling all prior knowledge with multiscale data [141].

7.3. Translational Pathways Toward Clinical Implementation
7.3.1. Bridging Experimental Discoveries and Clinically Relevant Models

Future implant designs might result in significant variations in dynamic interfacial
fluids in combination with immune cells due to implant size and/or load. Hence, new fea-
sibility concepts will need to incorporate new immune cell models, experimental dynamic
loading, complex biofluids, and in vitro experimental setups [142]. A large animal model is
undoubtedly needed in the long term for assessing quality and the service conditions of
novel implant designs. In the meantime, their clinical relevance and translatability will be
enhanced via factors that increase variability with short-term aging, such as bone quality,
age dependence, and comorbidity of patients, into further due diligence in concept proof at
the translational level [143].

7.3.2. Standardization, Regulatory Considerations, and Clinical Adoption

Considering the potential for clinical translation of photofunctionalized 3D-printed
titanium implants, the research community should work to overcome multiple challenges.
As standardization to boost efficiency across the board and reduce product batch-to-batch
variation is the means by which a technology is replicated, photofunctionalization must
include recent documentation on the optimization of a batch, treatment wavelength, treat-
ment time, storage, and expected outcome [144].

From the perspective of clinical translation, chairside UV photofunctionalization faces
practical challenges, including standardized operation parameters, intraoperative process-
ing timing, and portable equipment configuration. Further optimization of irradiation
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intensity, processing duration, and aseptic operation specifications is required to produce
unified clinical guidelines. Meanwhile, long-term clinical cohort observation remains
necessary to verify the actual clinical benefit and cost-effectiveness of this in situ surface
modification strategy.

8. Conclusions
Osseointegration should no longer be considered a mere biomechanical problem of

surface roughness and mechanical fixation. Rather, available evidence provides robust
arguments and considers it to be an interface-driven biological decision-making process
determined by rapid physicochemical cues at the implant surface that topographically
order proteins, which, in turn, determine how the cells lie on the surface to drive immune
and bone responses. The next few hours or days of bone contact are highly decisive for
long-term performance.

Accordingly, photofunctionalization of 3D-printed titanium implants enables interven-
tion at this critical interface level by eliminating hydrocarbons and restoring the chemical
activity and surface energy of the titanium surface. In this process, photofunctionalization
dramatically modifies protein adsorption to titanium surfaces, stabilizes the bioactive con-
formation of the adsorbed proteins, and selects integrin-mediated cell recognition. These
effects create a gentle shape-setting effect upstream of the cellular and tissue-level responses
of the biological regulatory system. 3D-printed titanium implants exhibit additional lag ef-
fects of surface bioactivities. These implants possess a hierarchical porous architecture and
high specific surface area so they may be clinically reproducibly manufactured; implants
loaded with biologically active fluids, and then eventually cells or bone tissue, can infiltrate
throughout the bulk of the implant to structurally distribute the surface bioactivity.

This review found that surface–protein–cell–bone interaction is not independent
or additive but rather a single continuous event; it is not a series of interactions but a
connected and hierarchical system with feedback and feedforward control. Perturbations at
the interfacial level echo at molecular, cellular, and tissue levels, and they modify responses
to specific responses and very severely limit later stages of the process. In other words,
there will be a neutral, substantial change to later potential optimizations if the interfacial
environment is unfavorable. Effects related to surface topography minimally influence the
early interface and are therefore unlikely to predict late-occurring biological responses.

In summary, surface modifications to balance topographical roughness characteristics
only or associated bioactive coatings are unlikely to lead to progress for both conventionally
machined titanium implants and 3D-printed titanium implants. It is most likely that
in the future, both conventionally machined and 3D-printed titanium implants will be
designed according to an interface-informed strategy that considers surface chemical
control, regulated attachment of proteins to surfaces, cell physical behavior related to
matrix interactions, and immune response. Only representational models that reproduce the
in vivo process’s real spatial and temporal parameters can yield clinically relevant insights.

In this regard, photofunctionalization will become a surface modification rather than
a method to control early surface-mediated biological decisions that affect the following
process. This is a new perspective on the implant surface as a “governing” substrate that is
able to contribute to integrating the structural and biologic events occurring around 3D-
printed reconstructive titanium implants with a high degree of design freedom, dedicated
clinical strategies, and dependable long-term performance.
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