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Abstract 

Periprosthetic joint infection (PJI) remains a major limitation of joint arthroplasty, driven by the 
absence of localized, continuous diagnostics and controllable in vivo therapy during the spacer 
interval. Here, we introduce a theranostic implant platform that integrates sensing, communication, 
and light-based intervention within a temporary joint spacer. The SmartSpacer enables real-time 
intra-articular monitoring, combining high-resolution temperature sensing (± 0.1 °C), optical 
imaging, and spectral detection of bacterial activity down to ~10³ CFU ml⁻¹. We establish a 
translation-oriented framework that maps wavelength-dependent antimicrobial effects onto implant-
level constraints. Within this framework, visible blue light provides continuous suppression of 
bacterial growth, while ultraviolet radiation enables rapid bactericidal action via pulsed, spatially 
confined exposure. These modalities operate within implant-compatible energy budgets and without 
measurable thermal load, enabling sustained and repeatable intervention. Continuous multimodal 
sensing enables longitudinal tracking of infection dynamics, transforming diagnostics from static 
assessment to predictive monitoring. By linking localized sensing with controllable therapy, the 
SmartSpacer converts the spacer interval from a passive waiting phase into an active treatment 
window. This work defines a system-level strategy for implant-based infection control and 
establishes a foundation for future feedback-driven, closed-loop therapeutic systems. 

Keywords: theranostic implant; smart spacer; periprosthetic joint infection; light-based therapy; 
biofilm; in vivo monitoring 
 

1. Introduction 

1.1. The Unresolved Clinical Challenge of Periprosthetic Joint Infection 

Periprosthetic joint infection (PJI) remains one of the most severe complications in modern 
orthopedic surgery, posing a substantial clinical and economic burden on healthcare systems 
worldwide.[1–3] The growing demand for joint replacements, already reaching several hundred 
thousand knee arthroplasties annually in the United States, is projected to exceed one million 
procedures per year in the coming decades.[4,5] This rise is driven by a rapidly ageing population, 
with the proportion of individuals aged ≥65 years set to increase markedly by 2050, fundamentally 
reshaping the clinical landscape of joint replacement[6,7]. Total knee arthroplasty (TKA) is routinely 
performed to treat advanced joint degeneration and inflammatory conditions. Despite continuous 
advancements in implant design, surgical techniques, and perioperative management, infection 
remains a clinically relevant complication. Primary infection rates are typically 1–2%, but given the 
rapidly increasing number of procedures, the absolute burden is substantial. Following revision 
surgeries, infection rates increase dramatically and can exceed 30%, with each additional surgical 
intervention further compounding patient risk and system complexity.[8–10] 
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The current gold standard for treating chronic PJI is the two-stage revision procedure.[11,12] 
This involves removal of the infected implant, extensive debridement, and implantation of an 
antibiotic-loaded spacer.[13] After this first stage, bacteria frequently persist within the joint 
environment, particularly in protected niches and biofilm structures on residual tissue or implant 
surfaces. During the spacer interval, antimicrobial treatment relies primarily on antibiotic diffusion 
from polymethyl methacrylate (PMMA) and systemic therapy.[14] However, due to material-related 
release kinetics, local antibiotic concentrations decline, typically within the first 2 days, depending 
on material and doses, while the spacer remains implanted for several weeks, commonly 2–6 weeks 
and in some cases up to 3 months. Importantly, the presence of a spacer does not imply eradication 
of infection. Persistent intra-articular bacteria may survive and potentially recolonize the joint 
environment. In a significant number of cases, additional spacer exchanges are required, further 
increasing surgical burden and patient morbidity.[15–17] 

A central challenge arises at the transition between spacer implantation and re-implantation of 
the definitive prosthesis.[18,19] The decision on the timing of re-implantation is currently based 
largely on the surgeon’s subjective assessment, supported by indirect clinical parameters such as 
systemic inflammatory markers, patient symptoms, and limited microbiological sampling.[20–23] 
Objective, localized, and continuous information about the infection status within the joint is not 
available. This lack of reliable intra-articular data introduces a critical uncertainty into the treatment 
pathway (Figure 1). Premature re-implantation may result in persistent infection and early failure, 
whereas delayed intervention prolongs patient immobility, increases complication risk, and leads to 
substantial additional healthcare costs.[24,25] PJIs are not only a local complication but a condition 
with profound systemic consequences. Mortality following revision surgery for infection is markedly 
higher than for aseptic failure, reaching 11% versus 2.0% up to 26% versus 13% at five years. Even 
after adjustment for demographic factors and comorbidities, infection remains an independent 
predictor of death, conferring an approximately fivefold increased mortality risk[26]. Taken together, 
current treatment strategies are fundamentally constrained by two critical limitations: 

• Lack of continuous, localized infection diagnostics, and 
• Absence of active, controllable in vivo therapeutic interventions within the joint space. 
These limitations define a clear and urgent clinical unmet need: the ability to monitor and 

actively modulate the intra-articular infection state during the spacer interval, thereby enabling 
evidence-based decision-making and improved treatment outcomes[27]. 
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Figure 1. Clinical workflow and decision gap in two-stage revision for periprosthetic joint infection. (1) Primary 
total knee arthroplasty (TKA). (2) Infection onset and two-stage revision with spacer implantation, where 
residual bacteria may persist despite debridement and antibiotic release. (3) Spacer interval lacking objective, 
localized infection monitoring, resulting in uncertainty in re-implantation timing and risk of suboptimal clinical 
decisions. 

1.2. Failure of the Current Treatment Paradigm 

The limitations of the two-stage revision approach are not merely technological but conceptual. 
The current paradigm treats infection primarily through surgical intervention and antibiotic 
administration, while the spacer itself remains a passive component with limited therapeutic 
functionality. 

During the spacer interval, residual microorganisms can persist in the joint environment despite 
aggressive debridement. These pathogens may reside in biofilms, microscopic cavities, or poorly 
perfused tissue regions, rendering them difficult to eliminate by antibiotics alone[3,28]. Crucially, the 
duration of effective antibiotic activity is short compared to the total implantation time. While spacers 
remain in situ for weeks to months, antibiotic diffusion from PMMA effectively decreases after ~2 
days, resulting in a prolonged period of sub-therapeutic exposure.[16,17] At the same time, there is 
no method available today that allows clinicians to directly assess the local infection state in vivo over 
time. The absence of real-time, spatially resolved diagnostics results in a “blind interval” between 
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explantation and re-implantation. In addition, current therapeutic strategies are largely static. 
Antibiotic-loaded spacers provide an initial burst release but do not allow dynamic adjustment of 
treatment based on the evolving infection status. Consequently, therapy cannot be personalized, 
modulated, or actively controlled in response to the local biological environment. This paradigm, 
characterized by passive implants, indirect diagnostics, and non-adaptive therapy, is increasingly 
insufficient to address the complexity of PJI, particularly in the context of rising antimicrobial 
resistance. 

1.3. Light-Based Therapies as a Missing Link for In Vivo Infection Control 

Electromagnetic (EM) radiation is deeply embedded in modern medicine, spanning both 
diagnostic and therapeutic domains. Imaging modalities such as magnetic resonance imaging (MRI), 
computed tomography (CT), and positron emission tomography (PET) rely on controlled EM 
interactions to generate high-resolution representations of internal structures. In parallel, a wide 
spectrum of therapeutic approaches, including laser surgery, photodynamic therapy (PDT), 
ultraviolet (UV) irradiation, and low-level light therapy (LLLT), demonstrates that targeted EM 
exposure can actively modulate biological processes and treat disease.[29] 

Across multiple clinical disciplines, light-based therapies have reached a high level of maturity. 
In dermatology, UV and visible light are routinely applied for inflammatory and infectious 
conditions. In dentistry, optical radiation is used for both antimicrobial treatment and tissue 
regeneration. Ophthalmology, neonatal care (e.g., jaundice treatment), and even neuropsychiatric 
applications such as light therapy for depressive disorders further illustrate the broad clinical 
relevance of photonic interventions. In addition, phototherapeutic and photodiagnostic techniques 
have become increasingly important in oncology and wound healing, enabling spatially and 
temporally controlled interventions.[30–34] 

At the same time, a growing body of preclinical and clinical research demonstrates the 
effectiveness of light-based strategies against some of the most challenging medical problems, 
including multidrug-resistant pathogens, epithelial carcinomas, and biofilm-associated infections on 
implant surfaces. These developments highlight not only the antimicrobial potential of EM radiation 
but also its capacity to interact with complex biological systems in a controlled and tunable 
manner.[35,36] 

Despite this extensive and rapidly evolving landscape, one critical gap remains: the application 
of localized, in vivo light-based therapy for the treatment of periprosthetic joint infections. This 
absence is particularly striking when viewed in the context of total endoprosthesis surgery, (Figure 
2) where the clinical demand for effective infection control strategies is exceptionally high and where 
conventional approaches are often limited. 

The underlying reason for this gap has historically been technological. Delivering controlled 
radiation to a confined anatomical space such as a joint cavity has not been feasible due to the lack of 
suitable implantable platforms, insufficient miniaturization of light sources, and challenges related 
to energy delivery and thermal management. As a result, light-based antimicrobial strategies have 
largely remained restricted to external or minimally invasive applications. 

Recent advances fundamentally change this situation. The convergence of miniaturized 
optoelectronic components, energy-efficient light-emiĴing diodes (LEDs), and integrated sensing 
technologies now enables the incorporation of optical functionality directly into implantable medical 
devices. Within this context, temporary joint spacers provide a uniquely suitable platform: their 
established clinical use, combined with the optical properties of materials such as polymethyl 
methacrylate (PMMA), allows direct interaction between embedded light sources and the 
surrounding tissue environment without additional invasive delivery pathways. 

Furthermore, the inherently limited implantation period, typically spanning several weeks, 
defines a controlled therapeutic window in which localized interventions can be applied under 
manageable safety constraints. This temporal confinement aligns well with the requirements of dose-
controlled phototherapy and facilitates risk mitigation. 
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Taken together, these developments bridge previously disconnected domains: clinical 
requirements for infection control in joint arthroplasty, established light-based therapies across 
multiple medical disciplines, and emerging research targeting resistant pathogens and biofilm-
associated infections. This convergence enables, for the first time, a new therapeutic paradigm: 

Localized, controllable, and repeatable in vivo light-based therapy directly within the joint 
space. 

This paradigm forms the conceptual foundation for theranostic implant systems that integrate 
continuous monitoring with active, light-mediated intervention, thereby redefining the role of 
temporary implants in infection management. 

 

Figure 2. Convergence of clinical need, mature photonic therapies, and emerging antimicrobial research as the 
foundation for implant-based light intervention. a) Infection control requirements in joint arthroplasty. b) 
Established clinical use of light-based therapies. c) Emerging strategies targeting biofilms and resistant 
pathogens. 

2. Concept of a Theranostic Implant System 

To overcome the fundamental limitations of current treatment strategies, a conceptual shift from 
passive implants toward theranostic systems is required. Such systems integrate diagnostic and 
therapeutic functionalities within a single device and enable direct interaction with the local 
biological environment. 

In contrast to conventional spacers, which primarily serve a mechanical and drug-delivery 
function, a theranostic implant establishes a closed-loop approach to infection management. This 
approach is based on three interconnected capabilities: continuous sensing of relevant physiological 
and biochemical parameters, real-time interpretation of the local infection state, and targeted 
therapeutic intervention directly at the site of interest. 

By linking these elements, theranostic systems enable dynamic adaptation of treatment 
strategies based on objective data rather than indirect clinical surrogates. In the specific context of PJI, 
this approach has the potential to fundamentally transform the spacer interval, from a passive 
waiting period into an active, controllable treatment phase. 
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2.1. The SmartSpacer Platform Architecture 

The SmartSpacer represents a platform technology that extends conventional antibiotic-loaded 
spacers into multifunctional theranostic implant systems. Building upon established polymethyl 
methacrylate (PMMA)-based designs, the platform integrates miniaturized optoelectronic 
components directly within the implant structure, enabling localized sensing, therapeutic actuation, 
and wireless communication within a single device. 

At its core, the system enables continuous acquisition of clinically relevant intra-articular 
biomarkers. High-resolution temperature sensing (±0.1 °C) provides a sensitive measure of local 
inflammatory dynamics, while integrated optical imaging allows direct visualization of infection-
associated morphological changes, including vascularization, turbidity, and tissue alterations. 
Complementing these modalities, miniaturized spectral sensing enables the detection of bacterial 
presence and metabolic activity, with experimentally demonstrated sensitivities down to 
approximately 10³ CFU ml⁻¹. Together, these signals provide a direct, localized representation of the 
infection state within the joint environment, overcoming the limitations of systemic surrogate 
markers.[37] 

Importantly, diagnostic relevance arises not from isolated measurements but from longitudinal 
trend analysis. Continuous monitoring over time enables the identification of stable physiological 
baselines as well as subtle deviations, such as gradual temperature increases or progressive spectral 
shifts, which may indicate early-stage reinfection before clinical manifestation. This temporal 
dimension transforms sensing from a descriptive tool into a predictive diagnostic framework. 

In parallel to sensing, the SmartSpacer incorporates embedded light sources that enable 
localized electromagnetic therapy directly at the implant–tissue interface. These therapeutic 
functionalities are supported by integrated electronics for signal processing and control, as well as 
wireless communication interfaces that allow real-time data access and external system interaction. 
The resulting architecture establishes the foundation for a closed-loop system in which diagnostic 
information and therapeutic intervention are intrinsically linked. All relevant parameters are 
continuously tracked over time, enabling comprehensive longitudinal monitoring of the local 
physiological and pathological state. Importantly, this data-driven framework does not operate 
autonomously but remains under full clinical control: physicians retain continuous oversight and can 
actively decide if, when, and how therapeutic interventions are applied, ensuring safe, transparent, 
and patient-specific treatment adaptation. A dedicated energy management concept ensures 
operation under the strict constraints of an implantable system, balancing limited power availability 
with sensing, communication, and therapeutic performance. Depending on the LED configuration, 
optical power levels of up to ~5 mW can be delivered at the implant–tissue interface, defining the 
available energy budget for localized therapy. The currently integrated LEDs are primarily utilized 
for illumination of the camera system and for spectroscopic measurements. However, the platform 
design inherently provides multiple additional integration sites, enabling the incorporation of 
dedicated LEDs with application-specific wavelengths for therapeutic purposes. 

Initial experimental observations indicate measurable bacterial inhibition at low energy 
densities under implant-relevant conditions, demonstrating compatibility between antimicrobial 
efficacy and system-level constraints. Due to pulsed operation, no cumulative thermal buildup is 
observed, ensuring stable operation within physiological limits. 

Thermal characterization therefore reflects not only peak power dissipation but also the 
temporal structure of operation, enabling repeated therapeutic intervention without measurable 
temperature increase. In parallel, longitudinal signal analysis enables detection of infection-related 
changes at bacterial concentrations on the order of ~10³ CFU ml⁻¹, providing a direct link between 
sensing sensitivity and clinically relevant infection thresholds. Together, these parameters define a 
bounded operational regime in which sensing, therapy, and system stability can be jointly realized 
within an implantable platform. (Figure 3; Table 1).[38–40] 

The development of the SmartSpacer platform is supported by a multi-year research program 
funded by the German Federal Ministry of Education and Research, reflecting both its technological 
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maturity and clinical relevance. Over the course of this program, the system has progressed from 
early prototypical concepts to an integrated implantable platform. At the current stage, the 
technology is undergoing preclinical validation in a large-animal model, where initial results indicate 
that core functionalities, including sensing, communication, and structural integration, can be 
reliably achieved under physiologically relevant conditions, supporting the feasibility of the 
approach and its potential for clinical translation.[41] 

The diagnostic capability of the SmartSpacer is defined by the integration of complementary 
detector modalities, each targeting distinct yet interrelated biomarker classes within the intra-
articular environment. Rather than relying on isolated measurements, the system establishes a 
multimodal sensing framework that captures inflammatory, structural, and microbial signatures in a 
spatially co-localized and temporally resolved manner. Temperature sensing provides a direct and 
highly sensitive measure of local inflammatory dynamics. Subtle deviations from physiological 
baseline levels reflect changes in perfusion, immune activity, and infection progression, enabling 
early detection of pathological processes. In addition, physiological temperature regulation follows 
a circadian rhythm characterized by predictable diurnal fluctuations. In the context of periprosthetic 
joint infection, this paĴern is frequently disrupted, with local temperature elevations accompanied 
by a loss or aĴenuation of circadian variability. Such deviations from the normal temporal profile 
provide an additional, highly sensitive indicator of inflammatory activity and may further enhance 
early detection capabilities.[42] 

Optical imaging extends this capability by resolving morphological and structural biomarkers 
in situ. Changes in tissue appearance, including increased turbidity, altered vascularization paĴerns, 
and surface irregularities, serve as visual indicators of infection-associated remodeling within the 
joint cavity.[43–46] 

Complementing these modalities, spectral sensing enables access to functional microbial 
biomarkers. Wavelength-dependent absorption and scaĴering signatures reflect bacterial presence, 
concentration, and metabolic activity, allowing detection of infection-related changes. These spectral 
features originate from endogenous chromophores and structural components, providing a label-free 
approach to microbial characterization. 

Crucially, the diagnostic value of these signals emerges from their longitudinal integration. The 
SmartSpacer does not interpret biomarkers as static endpoints, but as dynamic trajectories. Temporal 
correlations between temperature evolution, morphological alterations, and spectral shifts enable 
differentiation between transient physiological variation and persistent pathological change. This 
transforms sensing into a predictive framework, capable of identifying early-stage reinfection and 
guiding therapeutic intervention. 

The resulting architecture establishes the foundation for a closed-loop system in which 
diagnostic information and therapeutic intervention are intrinsically linked. While full closed-loop 
control is not yet implemented, the presented system establishes the necessary integration of sensing 
and actuation required for future feedback-driven therapeutic strategies.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2026 doi:10.20944/preprints202604.1875.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1875.v1
http://creativecommons.org/licenses/by/4.0/


 8 of 30 

 

Table 1. Multimodal detector–biomarker mapping within the SmartSpacer system.[37]. 

Detector modality Measured signal Biomarker class Biological interpretation Diagnostic role 

Temperature 
sensor 

Local temperature Inflammatory 
biomarker 

Local immune response, 
perfusion changes, 

infection onset 

Early detection, trend 
monitoring 

Optical imaging 
(camera) 

Tissue morphology, 
turbidity, structure 

Structural / 
morphological 

Vascularization, biofilm 
presence, tissue alteration 

Spatial assessment of 
infection environment 

Spectral sensor 
Absorption / 

scattering signatures 
Microbial / 
metabolic 

Bacterial load, metabolic 
activity, chromophore 

response 

Quantification of 
infection state 

Multimodal 
integration 

Temporal signal 
correlation 

Dynamic biomarker 
(trend) 

Evolution of infection vs. 
physiological baseline 

Predictive diagnostics, 
therapy guidance 

 

Figure 3. Transition from passive spacer to theranostic SmartSpacer enabling localized sensing and light-based 
intervention. a) Conventional spacer. b) Integrated sensor architecture. c)&d) Bacterial persistence and biofilm 
dynamics. e) SmartSpacer with optical interface. f) Controlled, localized antimicrobial light application. 
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2.2. Optical Accessibility as a Unique Advantage 

A defining feature of the SmartSpacer platform is its inherent optical accessibility, enabled by 
the use of transparent or semi-transparent polymethyl methacrylate (PMMA) regions integrated into 
the implant structure. This property establishes a direct optical interface between embedded 
optoelectronic components and the surrounding biological environment, representing a fundamental 
distinction from conventional implant systems and external light-delivery approaches. 

In contrast to fiber-based or transcutaneous illumination strategies, which are limited by strong 
aĴenuation, scaĴering losses, and restricted spatial control, the SmartSpacer enables localized 
emission and detection directly within the joint cavity. This configuration minimizes optical path 
length and reduces energy loss, allowing efficient coupling of both sensing and therapeutic signals 
to the target tissue. As a result, optical measurements, such as imaging and spectral analysis, can be 
performed with improved signal fidelity, while therapeutic irradiation can be applied with higher 
spatial precision and reduced off-target exposure. 

The intra-articular environment further amplifies this advantage. As a confined and optically 
bounded space, the joint cavity enables controlled light propagation and spatial confinement, 
improving measurement stability and establishing a predictable relationship between delivered 
energy and biological response. Optical accessibility thus becomes a key enabler for reliable 
biomarker acquisition and controlled therapeutic dosing. 

From a diagnostic perspective, the direct optical interface enables continuous, non-invasive 
monitoring of tissue morphology and composition. Changes in synovial appearance, such as 
turbidity, vascularization, or structural alterations, can be captured in situ, while spectral signals 
provide complementary information on microbial presence and metabolic activity. The co-
localization of sensing and emission ensures consistent spatial referencing between diagnosis and 
intervention. 

From a therapeutic standpoint, embedded light sources enable localized treatment strategies 
within deep anatomical compartments. Direct intra-articular delivery allows confined irradiation 
with reduced input power while maintaining biologically effective doses, critical under implant-level 
energy and thermal constraints. 

Importantly, the combination of spatial confinement and direct optical coupling enables precise 
control over irradiance, exposure time, and emission geometry. This control is essential to balance 
antimicrobial efficacy with tissue safety, particularly for high-energy modalities such as ultraviolet 
radiation, while ensuring stable operation in lower-energy regimes. 

Taken together, optical accessibility is not merely a material property but a system-level design 
feature that enables co-localized sensing and therapy within a confined biological environment, 
forming the physical foundation of a truly theranostic implant system. 

2.3. Enabling Light-Based Therapeutic Modalities 

The integration of optoelectronic components within the SmartSpacer platform enables the 
implementation of multiple light-based therapeutic modalities, each addressing different aspects of 
infection control. 

Visible light, particularly in the blue spectral range, can be applied to modulate bacterial 
metabolism and inhibit growth through photochemical mechanisms.[47,48] In contrast, ultraviolet 
radiation provides a direct bactericidal effect by inducing DNA damage, enabling rapid reduction of 
bacterial load.[49] Beyond these individual modalities, the system also allows combination 
approaches, in which light exposure enhances antibiotic susceptibility or disrupts biofilm integrity. 

This laĴer aspect is of particular importance in the context of periprosthetic joint infection, where 
biofilm formation on implant surfaces represents a central mechanism of persistence and treatment 
failure. Bacteria embedded in biofilms exhibit significantly increased tolerance to antibiotics and host 
immune responses, making eradication difficult with conventional strategies alone.[50] Light-based 
interventions offer a complementary mechanism by directly targeting biofilm structure, increasing 
permeability, and sensitizing bacteria to antimicrobial agents. 
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In addition, emerging evidence from preclinical and early clinical research indicates that light-
based approaches can be effective against multidrug-resistant pathogens and biofilm-associated 
infections, further highlighting their relevance for implant-related complications.[51] These findings 
position optical therapy not merely as an adjunct, but as a potentially critical component in 
addressing some of the most challenging infection scenarios in modern medicine. 

Crucially, these modalities address a key limitation of conventional treatment strategies: while 
antibiotic release from PMMA spacers is largely confined to an initial phase and declines significantly 
after approximately 2 days, the spacer remains implanted for substantially longer periods. Light-
based interventions therefore provide a mechanism to extend active antimicrobial treatment beyond 
the passive diffusion window and to repeatedly target residual or biofilm-embedded bacteria 
throughout the implantation period. 

The selection and implementation of these modalities are governed by a balance between 
antimicrobial efficacy and tissue safety, as well as by the technical constraints of the implant. Rather 
than relying on a single mechanism, the platform is inherently designed to support complementary 
and potentially synergistic treatment strategies, enabling adaptive and localized infection control 
directly at the implant–tissue interface. 

2.4. Engineering Constraints and Design Considerations 

The realization of light-based therapy within an implantable system introduces a set of stringent 
engineering constraints that fundamentally shape the feasible design space. 

Energy availability is inherently limited, necessitating the use of highly efficient light sources 
and optimized operational strategies such as pulsed or duty-cycled emissions. At the same time, 
thermal management is critical to prevent local tissue damage and ensure device stability. Spatial 
constraints impose strict requirements on miniaturization and integration density, while maintaining 
robustness under mechanical load. 

These constraints must be considered in the context of clinically relevant implantation durations, 
which can extend from several weeks to up to three months, thereby requiring long-term stability of 
both electronic components and therapeutic functionality. 

In addition, regulatory considerations, particularly regarding electromagnetic exposure, device 
safety, and biocompatibility, must be addressed from the earliest stages of system design. 

These factors collectively require a translation-oriented evaluation of therapeutic approaches, in 
which biological efficacy is considered alongside technical feasibility and system-level integration. 

From an engineering perspective, the feasibility of light-based therapy within an implantable 
system is fundamentally governed by quantitative constraints on energy delivery and thermal 
stability. The current platform integrates multiple miniaturized light sources with a combined radiant 
output on the order of about 30 mW (with current LEDs). Optical coupling efficiencies in the range 
of approximately 10–15% result in several milliwaĴs of effective power available for localized 
interaction within the joint environment. 

Thermal characterization under representative operating conditions indicates temperature 
increases below 0.2 °C, even during peak activity phases. This minimal thermal footprint reflects both 
the efficiency of modern solid-state light sources and the buffering capacity of the surrounding tissue, 
and remains well within physiologically acceptable limits for repeated or continuous operation. 

In parallel, experimentally reported antimicrobial thresholds, particularly in the ultraviolet 
regime, typically fall within the range of approximately 0.3–3,0 mJ cm⁻² for measurable bactericidal 
effects. While instantaneous delivery of such doses remains constrained by implant-level power 
budgets, these values are compatible with pulsed or duty-cycled emission strategies over clinically 
relevant time scales.[52] 

Taken together, these considerations define a quantitatively bounded yet practically accessible 
operating space, in which biologically relevant optical effects can be achieved under the strict energy 
and safety constraints of an implantable system. 
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2.5. From Concept to Translational Framework 

This work does not review light therapy per se, but defines a translation-oriented framework for 
its implementation in implantable systems. 

The SmartSpacer platform thus provides a concrete technological foundation for implementing 
theranostic concepts in orthopedic infection management. By combining continuous sensing with 
controllable light-based therapy, it enables a fundamentally new approach to treatment. 

Rather than relying on passive drug release and indirect diagnostics, the system allows active, 
localized, and adaptive intervention directly within the joint space. This transformation from static 
to dynamic therapy forms the basis for the subsequent analysis presented in this work. 

In the following sections, light-based antimicrobial strategies are systematically evaluated with 
respect to their suitability for integration into such a platform, with particular emphasis on 
wavelength-dependent effects, energy requirements, and translational feasibility. 

Rather than providing a comprehensive overview of light-based antimicrobial approaches, this 
work focuses on the definition of a translation-oriented framework for their implementation within 
implantable systems. Emphasis is placed on identifying feasible operating regimes under realistic 
constraints, linking biological mechanisms to engineering design principles. 

In the following sections, light-based antimicrobial strategies are systematically evaluated with 
respect to their suitability for integration into such a platform, with particular emphasis on 
wavelength-dependent effects, energy requirements, and translational feasibility. 

This work defines the first translation-oriented design framework for implementing light-based 
antimicrobial therapy within implantable systems. 

3. From Descriptive Review to Translational Framework 

Conventional reviews on light-based antimicrobial therapies primarily focus on biological 
efficacy, experimental protocols, and mechanistic insights. While essential for understanding light–
microbe interactions, they provide limited guidance for the development of implantable therapeutic 
technologies. 

In the context of PJI, the key question is not whether a given approach is effective under 
controlled conditions, but whether it remains implementable within a constrained implant 
environment, where energy, space, and safety margins are inherently limited. 

To address this gap, this work adopts a translation-oriented framework that shifts the focus from 
descriptive analysis to system-level applicability. Representative studies are selectively analyzed to 
extract parameters directly relevant for implementation in a theranostic implant system such as the 
SmartSpacer. 

3.1. Translational Selection and Parameter Mapping 

Study selection is guided by a dual criterion combining biological validity and technical 
feasibility. Included studies must demonstrate reproducible antimicrobial effects, such as growth 
inhibition, biofilm disruption, or bactericidal activity, particularly against clinically relevant PJI 
pathogens, including Staphylococcus aureus, Staphylococcus epidermidis, and antibiotic-resistant 
strains. 

Equally, the investigated approaches must be compatible with implant constraints, including 
energy efficiency, thermal behavior, spatial integration, and applicability within confined anatomical 
environments. Strategies requiring excessive energy input, significant heat generation, or impractical 
delivery geometries are excluded. 

To enable systematic comparison across heterogeneous studies, key parameters are extracted 
and mapped into a common design space. These include wavelength, energy density, irradiance, 
exposure time, and treatment regime, as well as the biological target (planktonic bacteria vs. biofilms). 
Rather than treating these variables independently, they are interpreted in relation to each other, 
allowing experimental outcomes to be translated into implementable operating regimes. 
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3.2. Integration of Engineering Constraints 

A defining feature of this framework is the explicit integration of engineering constraints. 
Implantable systems operate under tightly bounded conditions that fundamentally shape the feasible 
solution space. 

Energy must be distributed across sensing, processing, and therapy, while thermal effects must 
remain within safe limits to prevent tissue damage. Device size and integration density are 
constrained by anatomical and mechanical requirements, and material properties influence both 
optical transmission and long-term stability. 

These constraints must be considered over clinically relevant implantation periods, typically 
several weeks (2–6 weeks) up to approximately 3 months, requiring sustained functionality under 
limited energy budgets. In addition, regulatory requirements impose strict limits on electromagnetic 
exposure and device safety, further restricting the permissible operating range.[53–56] 

3.3. From Experimental Evidence to Design Rules 

The objective of this methodology is not merely comparative, but generative: to derive actionable 
design principles for theranostic implant systems. 

By abstracting experimental results into parameter spaces defined by wavelength, energy, and 
biological effect, feasible operating regions can be identified. This enables differentiation between 
modalities suitable for continuous operation, pulsed intervention, or combined strategies. 

Crucially, this transformation links biological mechanisms directly to engineering 
implementation, enabling a systematic, design-driven approach to therapy development. 

4. Spectral Design Space for Light-Based Antimicrobial Therapy 

The therapeutic use of electromagnetic radiation for antimicrobial applications is governed by a 
multidimensional design space defined by wavelength, energy density, and exposure dynamics. In 
implantable systems, this space is further constrained by the intersection of achievable dose, thermal 
limits, and available power. Accordingly, the central question is not which wavelengths are effective 
in principle, but which wavelength–dose combinations remain implementable within an implant-
level energy budget. 

Within the SmartSpacer platform, optical power at the tissue interface is on the order of ~5 mW, 
restricting operation to low fluence regimes and necessitating efficient temporal modulation 
strategies. Experimental observations indicate that antimicrobial effects can, depending on the 
wavelength, be induced at energy densities in the low mJ cm⁻² range, thereby defining a practically 
accessible intervention window under implant constraints. This establishes a translation-oriented 
design space in which antimicrobial effects must be considered jointly as a function of wavelength 
and energy density, bounded by system-level limitations. Within this regime, both continuous and 
pulsed strategies become feasible, enabling a transition from static treatment concepts toward 
dynamic, implant-driven infection control. 

To systematically structure this multidimensional design space, Table 3 provides a comparative 
overview of representative wavelength regimes, associated energy ranges, and their experimentally 
observed biological effects. Rather than offering an exhaustive compilation, the selection is guided 
by translational relevance, focusing on studies and parameter ranges that are compatible with 
implant-level constraints. The table integrates data across ultraviolet, visible, and near-infrared 
spectral domains and relates them to their dominant antimicrobial or host-modulatory mechanisms, 
typical dose ranges, and experimental contexts. 

Table 3. Wavelength-dependent biological effects of electromagnetic radiation; Summary of selected studies 
across UV, visible, and near-infrared spectral ranges, highlighting wavelength-specific antimicrobial effects and 
host tissue responses under conditions compatible with implant-based application. Studies were specifically 
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chosen based on their relevance to energy, power density, and exposure constraints feasible within the 
SmartSpacer platform. 

IR (>780 nm) 

IR 

1064 nm 
~10 mW/cm² Endothelial cells 

higher NO release, higher Akt & 
eNOS phosphorylation, 

mitochondrial involvement 
In-vitro [57] 

IR 
980 nm 

~5–50 J/cm² 
Muscle tissue / 
inflammation 

Anti-inflammatory effects, 
reduced oxidative stress, 

improved tissue regeneration 
In-vivo [29] 

IR 

830 nm 
1–20 J/cm² 

Wound healing 
(fibroblasts, 

keratinocytes) 

Enhanced proliferation, collagen 
synthesis, accelerated wound 

healing 
In-vivo [67] 

IR 
808 nm  

~1–10 J/cm², Human fibroblasts / 
mitochondrial activity

Increased ATP production, 
enhanced proliferation, activation 

of cytochrome c oxidase 
In-vitro [69] 

VIS (380-780 nm) 

VIS 
470 nm 

 

660 nm 

5 mW, 6 hours 
284.90 J/cm2, 

 

603.44 J/cm2 

Inhibition of 
Staphylococcus 

aureus and 
Pseudomonas 

aeruginosa growth 

Blue light, but not red light, can 
temporarily inhibit the growth of 
gram-negative and gram-positive 

bacteria. 

In-vitro [47] 

VIS 
420 nm 

 
635 nm 

Twice daily 
72 J/cm2 

 
43.8, 87.6, and  

175.5 J/cm2 

Candida albicans 
biofilm matrix 
development 

Affects biofilm development and 
physiology of polysaccharide 

production 
In-vitro [70] 

VIS blue only (400-500 nm) 

VIS  
470 nm 

16.29, 27.16 and  
54.32 J/cm2 

Staphylococcus 
aureus growth delay 

Inhibitory effect but not absolute 
antibacterial In-vitro [48] 

VIS  
450-470 nm 

60–240 J/cm2 Candida albicans 
elimination 

460 nm eradicates planktonic and 
biofilm Candida albicans 

In-vitro, 
In-vivo 

Animal 
[71] 

VIS  
450 nm 

With riboflavin: 
15, 30, 56, and  

84 J/cm2 

Effects on MRSA and 
human keratinocytes 

 High doses blue light 
could treat infections without 

harming skin cells,  
 PDT with riboflavin is 

promising 

In-vitro [72] 

VIS  

412 nm, 450 
nm 

With riboflavin 
5.4 J/cm2 

and 
28.5 J/cm2 

MRSA eradication Riboflavin enhances the 
antibacterial effect of blue light In-vitro [73] 

VIS  
405 nm,  

 
450 nm 

 
300 J/cm2 

 
400 J/cm2 

(1000 J/cm2) 

Effect on ESKAPE 
pathogens and human 

cells 

Significant reduction in viable 
bacteria 

In-vitro [74] 
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VIS  

405 nm ± 3 
nm 

Continuous visible 
light over 72 hours 

0.34–0.44 mW/cm2 

Antimicrobial activity 
against 

 C. difficile 

 MRSA 
 VRE 
 MDR 

Acinetobacter 
baumannii 

 The high irradiant light 
significantly reduced both 

vegetative bacteria and spores  

 Over a 72-hour exposure 
period. 

In-vitro [75] 

VIS  

405 nm 

144 J/cm2 

 
Antimicrobial action 

in stored plasma 

 Decontaminates pre-
bagged plasma without 
photosensitizing agents 

 99.9% reduction of low-
density bacterial populations 

 405 nm light application 
provides new proof of concept 

for bacterial reduction in 
biological fluids 

In-vitro [76] 

VIS  
405 nm 

 Overview of 
the mechanisms of 

405 nm for 
environmental 

decontamination 

 Different 
energy densities 

Pathogen inactivation 
Environmental 

disinfection 

 

 Significant antimicrobial 
properties for environmental 

disinfection 
 Even in crowded working 

areas 

In-vitro [77] 

VIS  
400-420 nm 

350–400 mW/cm2 

 

Staphylococcus 
aureus inactivation 

 

Maximum inactivation at 405±5 
nm In-vitro [78] 

VIS  
380-480 nm 

Up to >1500 J/cm2 

Review of the last 
thirty years 

Microbial species 
susceptibility 

Higher doses needed for longer 
wavelengths 

In-vitro [79] 

UVA (380–315 nm) 

UV-A, B, C, 

blue light 
pulsed blue 
light (PBL) 

Different UV doses 
and PBL  

Overview of various 
methods for photo 

eradication of 
microorganisms 
(SARS-CoV-2) 

 UV-C is highly effective, 
followed by UV-B, UV-A, 
 UV-C minimal depth 

penetration in humans 
 The damaging effect of UV 
was more significant with UV-B 

than with UV-C 

 High potency of PBL at 
each of the violet-blue 
wavelengths makes it 

significantly more germicidal at 
lower irradiances and fluences 

than CW light 

In-vitro, 
In-vivo 

Clinical & 
animal 

[80] 

UVA: 343-375 
nm 

 

UVB: 280-313 
nm 

 

Various 
applications and 
energy densities 

Comparison and 
overview of possible 
wavelength ranges 

and energy densities 
for in vivo 

disinfection 

 UV irradiation shows a 
significant potential of being an 

effective therapy method for 
infectious diseases.  

 UV irradiation in different 
wavelength bands can inactivate 

In-vivo 

Clinical & 
animal 

[52] 
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UVC: 222-254 
nm 

 

microbes based on different 
mechanisms 

UV-A, B 

300-380 nm 

Depending on 
Fitzpatrick skin 

types 

Up to 5000 mJ/cm2 

Psoriasis and Vitiligo 
treatment 

 Effective for treating 
dermatoses 

In-vivo 

Clinical 
[81] 

UVA 

peak at 400 
nm 

3 mW/cm2, 30 + 30 
min 

Vulvovaginal 
candidiasis 

Patients with vulvovaginal 
candidiasis present a reduction of 
inflammation and disappearance 

of symptoms of pruritus and 
burning after a treatment. 

In-vivo 
Clinical 

[82] 

UVA  

peak at 343 
nm 

2.0 mW/cm2, 30 
min,  

or  
3.0–3.5 mW/cm2, 20 

min daily for 2 d 

 Multiple 
bacteria, yeast, and 

viruses (in vitro) 

 Safety study (in 
vivo) 

 UVA exposure 
demonstrates effective 

inactivation of various bacteria, 
yeast, and viruses 

 Single and repeated UVA 
irradiation is safe for mice based 
on the endoscopic examination 
and full-thickness pathologic 

assessment results 

In-vivo 

Animal 
[83] 

UVA  

peak at 343 
nm 

2 mW/cm2, 20 min 
daily for 5 d 

SARS-CoV-2 infection 

 Four out of five subjects 
clinically improved on day 30 

after the treatment. 

 Endotracheal UVA 
phototherapy under specific 

conditions was safe for humans 
with a significant reduction in 
respiratory SARS-CoV-2 viral 

load 

In-vivo 

Clinical 
[84] 

UVB (315–280 nm) 

UVB  

300 nm 
300 nm Epidermal absorbers 

Major absorbers include aromatic 
amino acids, nucleic acids, 
urocanic acid, and melanin. 

In-vivo 

Clinical 
[85] 

UVB  

peak at 313 
nm 

250–1500 J/cm2 AMP expression 

 Expression of AMPs were 
detected on all subjects  

 hBD-2 expression was 
detected only on one subject 

In-vivo 

Clinical 
[86] 

UVB  
280-315 nm 

2.3 mW/cm2 AMP expression 
hCAP18 was found to be 

expressed significantly in the 
human skin 

In-vivo 
Clinical 

[87] 

UVB 
peak at 313 

nm 

40 mJ/cm2 daily for 
1 or 3 d AMP expression 

Expression of mBD-3, cathelin-
related antimicrobial peptide, 

and LL-37 were observed 

In-vivo 
Animal 

[88] 

UVB 
peak at 311 

nm 
Up to 1.6 J/cm2 Atopic eczema 

UVB irradiation can modulate 
the expression of hBD-1 and 

hBD-2 for atopic eczema 

In-vivo 
Clinical 

[89] 

UVB  
peak at 311 

nm 
0.13–8.88 J/cm2 Atopic dermatitis and 

psoriasis 

Enhanced expression of LL-37 
and decreased expression of 
hBD-2 after UVB treatment, 

In-vivo 
Clinical 

[90] 
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significant improvement of 
psoriasis and atopic dermatitis 

UVB 
peak at 306 

nm 
1.68 J/cm2 

Atopic dermatitis with 
S. aureus and S. 

epidermidis 

 The UVB irradiation shows 
an excellent antimicrobial effect 

against S. aureus,  
 But no effect on S. 

epidermidis 

In-vivo 

Clinical 
[91] 

UVB  

4.3 J 
accumulated 

4.3 J accumulated Atopic dermatitis with 
S. aureus 

UVB irradiation demonstrates a 
significant suppression of 

superantigen production from S. 
aureus in patients with atopic 

dermatitis 

In-vivo 

Clinical 
[92] 

UVC (280–100 nm) 

UVC  
254 nm 

30 minutes after the 
inoculation 

3.24 J/cm2 for 
abrasions and 2.59 

J/cm2 for burns 

Acinetobacter 
baumannii wound 

infections 

 DNA lesions were 
observed immediately after a 

UVC exposure 
 The lesions were 

extensively repaired within 72 
hours. 

In-vivo 
Animal 

[49]  

UVC  
 

254 nm 

 
265 nm  

 
280 nm 

 

 

4, 8,11,14 mJ/cm2  
 

1,3, 2,5 3,8, 5,1 
mJ/cm2 

 
15,30,45,60 mJ/cm2 

SARS-CoV-2 
inactivation via 

different sources  

 265-nm deep UV light-
emitting diode (DUV-LED) lamp 
efficiently inactivated SARS-CoV-

2  
 At a similar level as a 254-

nm  

 And at a higher level than 
a 280-nm 

In-vitro [93] 

UVC 
207 nm 

157 mJ/cm2 

 infection 
reduction 

 Safety study 

Potential use for antimicrobial 
properties without hazards to 

skin 

In-vivo 
Animal 

[94] 

UVC  
peak at 254 

nm 

2.7 mW/cm2, 18 
min on day 0,  

or 40 min on day 1 

 C. albicans burn 
infection in mice 

 Safety study 

 Exposure on day 0 gives a 
99.2% reduction of fungal 

burden, exposure on day 1 gives 
a 95.8% reduction of fungal 

burden 
 CPD were observed by 

immunofluorescence in normal 
mouse skin immediately after UV 
irradiation, and the damage was 
extensively repaired within 24 h 

In-vivo 
Animal 

[95] 

UVC  

peak at 254 
nm 

2.7 mW/cm2, 16 
min 

 P. aeruginosa 
and S. aureus 

cutaneous wound 
infections in mice 

 Safety study 

 A 10-fold reduction of the 
P. aeruginosa and S. aureus 

burden on mice skin 

 CPD-positive nuclei were 
observed in the 

immunofluorescence micrograph 
of mouse skin, and the damage 
was extensively repaired within 

48 h 

In-vivo 

Animal 
[96] 
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UVC 
peak at 254 

nm 

180 s; 7 treatments 
over 14 d + 4 

treatments over 1 
month 

MRSA-infected 
chronic ulcer on 

human 

 UVC irradiation reduced 
wound bacterial burden and 

facilitated wound healing for all 
three patients 

 Two patients had complete 
wound closure following 1 week 

of UVC irradiation 

In-vivo 
Clinical 

[97] 

UVC  

peak at 222 
nm 

& 
peak at 254 

nm 

40 mJ/cm2 and 300 
mJ/cm2 

 MRSA infected 
superficial skin 
wound of mice 

 Safety study 

 Both 222 and 254 nm 
irradiation show a statistically 

significant reduction of bacteria 
counts on days 2 and 7 

 222 nm light showed the 
same bactericidal properties of 
254 nm light but without the 
associated skin damage (CPD 

formation) 

In-vivo 

Animal 
[98] 

UVC 

peak at 233 
nm 

44 µW/cm2 

15–40 mJ/cm2 

 A skin tolerant 
far-UVC (< 240 nm) 
irradiation system 

 Inactivation of 
MRSA 

 Porcine skin showed only 
3.7% CPD and 2.3% 6-4PP DNA 

damage 
 Corresponding irradiation 

at 254 nm caused 11–14 times 
higher damage 

 skin damage is so small 
that it can be expected to be 

compensated by natural repair 
mechanisms 

In-vitro [99] 

UVC 

peak at 233 
nm 

40 mJ/cm2 

 Eradication of 
MRSA, MSSA, SE and 

risk assessment on 
skin 

 5 log10 levels reduction 
without no soil load 

 1.5–3.3 with soil load 
 DNA damage was far 

below the damage evoked by 0.1 
UVB minimal erythema dose 

 far lower than 20 min 
outdoor visible light 

In-vitro [100] 

UVC 
peak at 233 

nm 
60 mJ/cm2 

 Safe 
inactivation of multi-
resistant nosocomial 

pathogens 

 reduced by ≈ 5 log10 for 60 
mJ/cm2 

 DNA damage occurred 
only superficially and decreased 

after 24 h 

 < 10% of keratinocytes 
were affected 

In-vitro [101] 

UVC  
peak at 222 

nm 

75, 150, and 450 
mJ/cm2 

 MRSA-infected 
skin wound of mice 
 Safety study 

 222 nm irradiation shows a 
significant bactericidal effect, 
which was equal to or more 

effective than 254 nm irradiation 
 CPD-expressing cells were 

found in both epidermis and 
dermis with 254 nm 

In-vivo 
Animal 

[102] 

UVC  
peak at 222 

nm 
50–500 mJ/cm2 

 Bactericidal 
effect on healthy 

human skin 

 Safety study 

 The number of bacterial 
colonies in the skin swab culture 

was reduced significantly 

 The CPD amount 
produced in the irradiated region 

In-vivo 
Clinical 

[103] 
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was slightly but significantly 
higher than that of the non-

irradiated region 

UVC 

peak at 222 
nm 
& 

peak at 254 
nm 

157 mJ/cm2, 
delivered in 7 h 

 MRSA (in vitro) 
 Safety study (in 

vivo) 

 Both 254 and 222 nm 
irradiation can kill MRSA 

efficiently 
 ,Unlike 254 nm, 222 nm 

UVC irradiation is safe for mouse 
skin, and no detectable formation 
of mutagenic CPDs was observed 

In-vivo 
Animal 

[104] 

 
In doing so, it establishes a practical mapping between fundamental photobiological effects and 

their feasibility within the limited power and thermal budget of an implantable system such as the 
SmartSpacer. This structured overview serves as the basis for identifying implementable 
wavelength–dose combinations and for defining operational strategies that balance antimicrobial 
efficacy with in vivo safety. 

4.1. Wavelength-Dependent Antimicrobial Mechanisms 

The antimicrobial effects of electromagnetic radiation are strongly wavelength-dependent, 
reflecting distinct interaction mechanisms with biological systems. For implantable applications, 
wavelength primarily determines interaction depth and mechanism, while energy density governs 
the magnitude and nature of the induced response.(Figures 4 and 5) 

In the UVC regime (~200–280 nm), absorption by nucleic acids results in direct DNA damage 
and rapid bacterial inactivation at low energy densities.[49] This enables highly efficient bactericidal 
action, but within a narrow therapeutic window due to comparable effects in host tissue. As a result, 
implant-based UVC application requires strictly controlled, pulsed operation. 

In contrast, visible blue light (≈405–470 nm) induces antimicrobial effects via photochemical 
excitation of endogenous chromophores, such as porphyrins.[48] This process leads to the generation 
of reactive oxygen species (ROS), which disrupt bacterial metabolism, membrane integrity, and 
intracellular pathways. These mechanisms result in dose-dependent growth inhibition rather than 
immediate eradication and are compatible with continuous or duty-cycled operation under low 
thermal load. 

At longer wavelengths (green to near-infrared), direct antimicrobial effects decrease 
substantially, while interactions increasingly shift toward modulation of host cell physiology, 
including regenerative and anti-inflammatory processes.[57] From a translational and engineering 
perspective, these wavelength-dependent effects impose both constraints and opportunities. Certain 
interactions, such as nonspecific DNA damage in host tissue, must be strictly minimized, while 
others, such as ROS-mediated bacterial sensitization or host-regenerative responses, can be 
selectively exploited. Consequently, a careful balance between therapeutic efficacy and biological 
safety must be achieved for in vivo application.(Table 2) 

Within this framework, different spectral regimes define complementary operational modes that 
can be strategically combined. High-energy, pulsed UVC exposure enables rapid bactericidal 
interventions, whereas lower-energy visible light supports continuous antimicrobial suppression via 
ROS generation. Simultaneously, longer wavelengths in the red to near-infrared range can promote 
tissue regeneration and modulate inflammation.(Figure 6) 

Taken together, the relevant wavelength ranges, frequency bands, and associated energy 
regimes delineate a multi-modal design space for implant-based phototherapy. Within the 
constrained implant-operating window, these modalities can be integrated into a unified system-
level approach that combines pulsed bactericidal action with continuous suppression and host-
directed modulation, thereby enabling controlled and localized infection management. 
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Figure 4. Representation of the different effects on biological tissues at the corresponding energy densities, 
ploĴed on an irradiance versus exposure time diagram, with the major energy barriers indicate. 

Table 2. List of different effects of the relevant wavelengths on human cells and bacteria.[29,58–68]. 

UV-C UV-B UV-A VIS blue VIS green VIS red IR 

Effect on human cells 

Causes DNA 
changes 

Acute damage: 
main cause of 

sunburn. 

Long-term 
damage: 

Causes skin 
ageing, can 
increase the 
risk of skin 

cancer 

Increase in 
nitric oxide 

Improvement 
of 

differentiation 
and matrix 

mineralisation 
of osteogenic 

cells 

Enhancement 
of cell 

proliferation 
(by 

suppressing 
cell apoptosis) 

Induction of 
regenerative 

and anti-
inflammatory 

effects 

Changes the 
barrier function 

of cells 

Long-term 
effects: DNA 
damage and 
increase the 
risk of skin 

cancer 

Immediate 
effects: May 

cause sunburn, 
although less 

energetic 

Molecular and 
cellular 

changes in 
fibroblasts 

Support of 
healing 

processes 
through 

mitochondrial 
stimulation and 
increase in ATP 

Modulation of 
cell growth 

Increase in 
collagen 

production in 
dermal 

fibroblasts 

Can lead to cell 
necrosis 

Vitamin D 
production in 
the skin, for 

bone health & 
immune 
system 

Vitamin D 
synthesis: 

Contributes to 
the production 

of vitamin D 

Premature skin 
ageing 

Hardly 
harmful Effect 

on skin and 
eyes: 

Compared to 
blue light 

Enhancement 
of succinic 

dehydrogenase 
activity 
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Figure 5. Illustration of the different wavelength ranges of interest with details of their penetration depth into 
the skin, frequency bands and energy levels. 
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Figure 6. Translation-oriented design space for implantable light-based antimicrobial therapy. Antimicrobial 
effects are mapped as a function of wavelength and energy density, highlighting UVC-driven bactericidal 
regimes and blue-light-mediated ROS inhibition. The shaded region indicates the implant-operating window 
defined by limited optical power (≥30 mW) and low achievable energy densities (>5 mJ cm⁻²), within which 
continuous and pulsed treatment strategies can be combined. 

4.2. Visible Light: Inhibition-Dominated Regime 

Within the visible spectrum, blue light represents the most relevant regime for implantable 
antimicrobial applications. Exposure in the range of 405–470 nm consistently induces growth 
suppression across clinically relevant pathogens, primarily through oxidative stress mechanisms.[47] 

However, this effect is inherently dose-dependent and typically does not result in complete 
bacterial eradication. Instead, it induces a controlled reduction in proliferation and metabolic activity. 

From an engineering perspective, this regime is highly compatible with implant constraints. 
Light sources are energy-efficient, thermal effects are negligible, and operation can be sustained over 
extended periods. 

Implication for implant design: 
Blue light is optimally suited for continuous or duty-cycled baseline therapy, stabilizing the 

infection environment rather than achieving immediate eradication. 

4.3. Low-Fluence Regimes and Continuous Operation 

At low energy densities, blue light induces transient antimicrobial effects that are insufficient for 
sustained bacterial suppression. However, the minimal energy requirements and absence of thermal 
load make this regime uniquely suitable for continuous operation.[48] 

This introduces a critical trade-off: while higher fluence increases efficacy, it is often 
incompatible with implant-level power constraints. Conversely, low-fluence regimes enable long-
duration application with minimal risk. 

Within an implant-based system, this favors a strategy based on cumulative dosing rather than 
peak intensity.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2026 doi:10.20944/preprints202604.1875.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1875.v1
http://creativecommons.org/licenses/by/4.0/


 22 of 30 

 

Implication for implant design: 
Low-fluence visible light should be implemented as a continuous background therapy, 

leveraging cumulative effects while remaining within strict energy and thermal limits. 

4.4. Ultraviolet Radiation: Eradication-Dominated Regime 

Ultraviolet radiation, particularly in the UVC range (~200–280 nm), enables rapid bacterial 
inactivation through direct DNA damage. Experimental evidence indicates that measurable 
antimicrobial effects can occur at energy densities around 3J cm⁻² DNA lesions were repaired within 
72 hours.[49] 

This high efficacy contrasts with a narrow therapeutic window, as similar mechanisms affect 
host tissue. As a result, exposure must be tightly controlled in both time and space. 

Within implantable systems, continuous operation is not feasible due to safety and energy 
constraints. Instead, therapeutic application must rely on temporally structured delivery. 

Implication for implant design: 
UVC should be implemented as a pulsed, high-impact intervention for targeted bacterial 

reduction, compatible with implant-level power (>5 mW) and controlled via short exposure cycles. 

4.5. Functional Complementarity Across Spectral Regimes 

A key insight is that different wavelength regimes fulfill complementary rather than competing 
roles. Visible light enables sustained modulation of bacterial dynamics, while ultraviolet radiation 
provides rapid reduction of bacterial load. 

This functional separation aligns naturally with implant constraints, where neither continuous 
high-intensity irradiation nor single-modality approaches are feasible. 

Implication for implant design: 
Effective therapy requires a dual-regime strategy combining continuous visible-light 

suppression with intermiĴent UVC-based eradication. 

4.6. Implications for Implant-Based Therapy Design 

Taken together, these findings define a translation-oriented design principle: implant-based 
infection control must rely on the coordinated use of complementary light modalities operating 
within a constrained energy envelope. 

Within the SmartSpacer platform, optical power levels of >5 mW at the tissue interface, 
combined with pulsed operation and negligible thermal load, enable both continuous low-intensity 
and intermiĴent high-impact treatment strategies. 

This establishes a multi-layered therapeutic architecture in which visible light provides baseline 
stabilization, ultraviolet radiation enables targeted eradication, and sensing data guides temporal 
application. 

Rather than maximizing instantaneous efficacy, the system operates within a bounded but 
effective regime defined by power, dose, and temporal control. 

Implication for implant design: 
Therapeutic performance emerges not from a single modality, but from the integration of 

wavelength-specific functions within a unified, energy-constrained system. 

5. Synergistic Effects and Combination Therapy 

Monomodal antimicrobial strategies, whether antibiotic-based or light-based, are inherently 
limited in achieving robust infection control in complex environments such as periprosthetic joint 
infections. Antibiotics suffer from restricted biofilm penetration and temporally limited release, with 
diffusion from PMMA spacers largely declining after ~2 days, resulting in prolonged sub-therapeutic 
exposure. Similarly, isolated light-based approaches are constrained by wavelength-specific 
limitations. 
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Recent evidence demonstrates that combining light-based modalities with conventional 
antimicrobials enables synergistic effects beyond simple additivity. Light-induced oxidative stress 
disrupts bacterial structures and metabolic pathways, increasing susceptibility to antibiotics, while 
concurrent biofilm weakening facilitates deeper drug penetration. Sub-lethal irradiation can further 
enhance bacterial metabolic activity, improving responsiveness to antibiotics targeting active 
processes. 

These interactions result in over-additive therapeutic effects, enabling reduced antibiotic dosage, 
lower systemic exposure, and improved efficacy against resistant and biofilm-associated pathogens. 

Beyond direct antimicrobial action, longer wavelengths in the red and near-infrared range 
introduce complementary host-mediated effects. Photobiomodulation enhances cellular metabolism, 
mitochondrial function, and tissue regeneration, supporting wound healing, immune response, and 
microcirculation. 

From a systems perspective, this enables a shift from purely antimicrobial intervention to a 
combined anti-infective and regenerative strategy. Within the SmartSpacer framework, continuous 
low-intensity visible light can suppress bacterial growth, while pulsed ultraviolet exposure provides 
targeted bactericidal action. Concurrent antibiotic therapy is enhanced through light-induced 
sensitization, and red to near-infrared irradiation supports tissue recovery. 

Together, this integrated, multi-modal approach enables a transition from isolated treatments to 
coordinated therapy, combining antimicrobial and regenerative mechanisms to achieve superior 
outcomes within the constraints of an implantable system. 

6. Toward In Vivo Implementation 

Central to in vivo implementation is the definition of therapeutic operating windows that 
balance antimicrobial efficacy with tissue safety and system constraints. Within the SmartSpacer 
platform, optical power levels of up to >5 mW can be delivered at the implant–tissue interface. Pulsed 
operation prevents cumulative thermal buildup, resulting in negligible temperature increases under 
representative conditions. Experimental observations indicate that antimicrobial effects can be 
achieved at energy densities as low as ~0.45 mJ cm⁻², supporting feasibility within implant-level 
energy budgets. 

A key enabler is continuous, localized biomarker acquisition. The system integrates high-
resolution temperature sensing (±0.1 °C), optical monitoring of tissue morphology, and spectral 
detection of bacterial load down to ~10³ CFU ml⁻¹, enabling direct intra-articular assessment of 
infection. Crucially, diagnostic value arises from longitudinal analysis: time-resolved trends allow 
differentiation between physiological variability and pathological change. Stable baselines indicate 
absence of infection, whereas subtle deviations, such as gradual temperature increases or spectral 
shifts, enable early detection prior to clinical manifestation. 

This data-driven framework enables adaptive therapy. Visible light, particularly in the blue 
range, supports continuous or repeated application due to its favorable safety profile and low thermal 
impact. In contrast, ultraviolet radiation requires precise, pulsed delivery within a narrow 
therapeutic window. Real-time biomarker feedback allows dynamic adjustment of these modalities, 
enabling a transition from static protocols to adaptive intervention strategies. 

From an engineering perspective, system performance is governed by strict constraints on 
energy, thermal behavior, and reliability. Efficient light sources, duty-cycled operation, and 
optimized data transmission ensure functionality within limited power budgets, while thermal 
increases remain minimal (<0.2 °C). These characteristics support stable operation over clinically 
relevant implantation periods of weeks to months. 

Regulatory requirements impose additional constraints on safety, electromagnetic exposure, 
and biocompatibility, necessitating comprehensive risk assessment. However, continuous local 
monitoring also enables enhanced safety through feedback-controlled operation. 

Together, these elements establish a technological foundation for feedback-driven infection 
management. While fully autonomous control remains future work, the integration of continuous 
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sensing with controllable light-based therapy represents a critical step toward adaptive, patient-
specific treatment. 

7. Future Perspective: Toward Theranostic Infection Control 

The integration of sensing and therapy within a single implant platform enables a fundamental 
shift toward closed-loop infection management. In such systems, continuous monitoring of local 
conditions provides real-time information that can be used to dynamically adjust therapeutic 
interventions, creating a feedback-driven treatment paradigm. 

This approach transforms implants from passive structural elements into active therapeutic 
systems capable of interacting with their biological environment. In the context of periprosthetic joint 
infection, this enables a transition from static treatment protocols toward adaptive strategies that 
respond to the evolving infection state. 

While the SmartSpacer represents a specific implementation within orthopedic surgery, the 
underlying concept is broadly applicable to other medical domains. Implantable devices for infection 
control, wound management, or localized cancer therapy may benefit from similar integration of 
sensing and actuation. 

Future work will focus on preclinical validation, optimization of treatment protocols, and the 
development of scalable system architectures. In particular, the integration of data-driven decision-
making and advanced control strategies may further enhance the performance of theranostic 
implants. 

This perspective positions theranostic systems as a key component of next-generation medical 
devices, enabling personalized, localized, and adaptive therapy. 
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