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ABSTRACT

This review presents current scientific data on the use of biosensors in traumatology and orthopedics. Biosensors are specialized
devices that detect various physicochemical parameters in the body. These parameters can be used to monitor, predict, and
manage a variety of processes in orthopedic and trauma care. Technological advances enable the integration of biosensors and
the development of customized implants. Their introduction has marked a significant breakthrough in trauma and orthopedic
surgery, particularly with the emergence of SMART (Self-Monitoring Analysis and Reporting Technology) implants, which
integrate microchips, wireless connectivity, and data analysis algorithms.

With the expected increase in surgeries and the growing need for implants, technological progress in this field is bound to
continue and accelerate. Existing issues such as implant instability, infectious complications, and nonunions further underscore
the relevance of this topic and the need for further research.

This analytical review was conducted using medical scientific databases and search engines, including PubMed (MEDLINE),
Google Scholar, and eLibrary. The review addresses the following aspects: relevance, types of biosensors, their clinical
applications, and prospects in traumatology and orthopedics. The review aims to improve understanding of biosensor uses in
this medical field.
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AHHOTALMUA

MpenctaBneH 0630p AMTEPaTYpbI, NOCBALLEHHOM NPUMEHEHMIO BUOCEHCOPOB B TPAaBMATOMOMMKM W opToneauun. bruoceHcopbl —
3T0 Cheuuanu3upoBaHHble YCTPOMCTBA, KOTOPbIE MOTYT BOCMPUHMMATbL pasfiMyHble GU3MKO-XMMUYECKME MOKa3aTenn B op-
raHuame. [laHHble MOKasaTenn MoryT ObiTb MCMOb30BaHbl ANS KOHTPONS, NPOrHO3MPOBAHMS W YNPaBNeHUs PasfMyHbIMUA
npoueccamu B TpaBMaTosiorku M opToneaun. Pa3BuTie TEXHONOTUIA MO3BOMISET MHTErpUpOBaTh BUOCEHCOpbI M CO3AaBaTh
NepcoHanu3NpoBaHHble UMNAHTaTbl. B TpaBMaTonorv u opToneauy Ux BHeApeHUe CTano npopbiBoM, 0C0beHHO ¢ nosBe-
Huem SMART-umnnantatos (Self-Monitoring Analysis and Reporting Technology), koTopble coueTatoT MUKpouunbl, becnpo-
BOZHYI0 CBA3b W aNnropuTMbl aHanm3a AaHHbIX.

B cBA3K C NporHo3upyeMbiM YBENMYEHMEM ONEPaTUBHLIX BMELLATENICTB M POCTOM MOTPEOHOCTM B MUMMNNaHTaTax passutue
TEXHOJI0rWiA B LaHHOM 06/1acTH, HECOMHEHHO, OyaeT NpoaoKaTheA M HabupaTtb 06opoTel. CyLiecTBytowwme npobneMsl B Buae
HECTabWbHOCTM UMMAHTaTOB, UHMEKLMOHHBIX OCNOXHEHMIA W HECPaLLEHWUA TaKXKe [eNaloT AaHHbIA BOMPOC aKTyasbHbIM
1 TpebyoT fanbHENLIMX UCCef0BaHMN.

0630p HOCUT aHaNUTUYECKUIA XapaKTep M NPOBEAEH C UCMONb30BaHUEM 6a3 AaHHbIX MEAULMHCKON UTEpPaTypbl U NOUCKOBbIX
pecypcoB PubMed (MEDLINE), Google Scholar u eLibrary. B 0630pe 3aTpoHyTbl criefytoLme acneKTbl: aKTyanbHOCTb, BULbI
BroceHcopoB, 061acTb UX MPUMEHEHMSA U NEPCMEKTMBLI B TPAaBMaTosI0rmM 1 optoneamu. Llenbio 063opa ssnsetca yrnybnenue
3HaHWM 0 NPUMEHEHUM BUOCEHCOPOB B TPABMATONOTWM U OPTOMNEAMM.
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BACKGROUND

Advances in treatment technologies and the accumulation
of long-term outcome data identify the challenges that we
will face and need to address in the near future. These
include instability of metal constructs, implant-associated
infections, the need for rehabilitation monitoring, and
issues of consolidation and osseointegration. Understanding
these challenges necessitates the formalization of tasks,
the solutions of which require expertise beyond that of
traumatologists and orthopedists alone. The success of
implementation will depend on the interdisciplinary work
of a team that, under current conditions, should include
traumatologists and orthopedists, engineers, biotechnologists,
materials scientists, specialists in artificial intelligence and
nanotechnology, cybersecurity experts, chemists, physicists,
microbiologists, and others. Paradoxically, the relevance of
this issue in Russia is also linked to the fact that patients live
in various cities, including remote areas, which significantly
complicates implant status monitoring. Currently, there is a
tendency toward shorter inpatient stays due to a combination
of factors. Patients typically remain in the hospital for about
5-6 days before returning home, which further supports
the rationale for using biosensors for continuous remote
monitoring. Although this field is still at an early stage of
development, the prospects for creating SMART implants
appear highly promising. An interdisciplinary approach will
enable more effective integration of these devices, opening
new avenues for clinical application in the future.

SEARCH METHODOLOGY

The sources of information were full-text publications
in foreign and Russian journals, selected from the PubMed
(MEDLINE), Google Scholar, and eLibrary databases using
the following key terms: sensor technology, Smart Sensor,
artificial intelligence, intelligent implant, machine learning,
orthopedics, and trauma, as well as from the Scientific
Electronic Library eLIBRARY (eLibrary.Ru) using the key terms
buoceHcopbl B TpaBMatonorum u optoneaum (biosensors
in traumatology and orthopedics) and yMHble UMNnaHTaThI
(SMART implants).

DISCUSSION

Prospects for Biosensors in the Prevention
of Implant-Associated Infections

Infectious complications related to implants represent
a serious clinical challenge. In the Russian Federation,
the assessment of the prevalence of implant-associated
infections is hindered by the absence of relevant data in
federal statistical reporting forms. Information on surgical
site infections (SSIs) is presented in the official reports of
Rospotrebnadzor (Section 1.3.3. Healthcare-Associated
Infections) without specifying their association with implanted
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devices. For example, the 2022 report indicates that, in 2015—
2019 (before the SARS-CoV-2 pandemic), the proportion of
SSls among all healthcare-associated infections averaged
23.17%. The main difficulty in this area lies in the formation of
bacterial biofilms on implants, which significantly complicates
infection management. Without timely eradication of bacteria
at an early stage, implant removal becomes inevitable.
Therefore, early diagnosis of infection is crucial for timely
treatment and the prevention of subsequent complications.

Beyond the economic costs associated with prolonged
therapy and repeated surgical interventions, this problem can
lead to severe outcomes, including death. Evidence suggests
that the five-year survival rate for periprosthetic joint infection
is worse than that for four out of the five most common
cancers [1, 2]. Considering these data, the development of
early diagnostic approaches is of paramount importance for
reducing the risk of infectious complications at surgical sites.

A promising avenue in this field is the creation of SMART
implants with integrated biosensors capable of detecting the
onset of infection process before clinical signs appear. Such
biosensor-enabled implants can complement orthopedic
devices to predict and diagnose infectious complications at
an early stage, personalize treatment, and reduce the risk
of complications.

Local temperature elevation or changes in the pH of
the environment may be the first signs of a developing
inflammatory process. Several types of biosensors have been
designed for the early diagnosis of infectious complications:

« Thermosensitive implants, or temperature sensors.
Their operating principle is based on an inductive-
capacitive resonance circuit. They are inductively
activated, allowing non-contact temperature
measurement. This sensor provides temperature
readings in the range of 30-42 °C, ensuring high
reproducibility of results and temperature control
around implants [3]. Undoubtedly, inflammation at
the site of an infectious process is accompanied by
elevated temperature; however, in the case of a slow-
progressing process and low-grade chronic infection,
this indicator may be uninformative [4].

+ Lactate sensors. Changes in lactate levels can be
an indicator of metabolic alterations associated
with infection. Studies have demonstrated highly
sensitive biosensors capable of continuous real-time
lactate monitoring, enabling rapid identification of
inflammatory processes [1]. The device is based on the
enzyme lactate oxidase immobilized on an electrode.
These biosensors determine lactate concentration—a
marker of hypoxia and bacterial activity. Normal
values are 0.5-2.2 mmol/L; in infection, levels exceed
4 mmol/L. The operating mechanism is as follows:
lactate oxidation generates an electrochemical signal
proportional to its concentration.

«» pH sensors. lon-selective electrodes with membranes
sensitive to hydrogen ions measure the acidity of the
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medium (normal tissue pH is 7.35-7.45; in infection,
it decreases to 6.5-7.0). Changes in pH cause a shift
in the electrode potential, which is recorded by a
transducer [5].

+ Lactate and pH sensors. These sensors are a
combined system capable of continuously determining
both parameters in real time, which can not only
serve as an inflammation marker but also improve
the management of critically ill patients by enabling
correction of these parameters [5].

« Sensors for protein markers of inflammation (such
as interleukin-6 and tumor necrosis factor) can also
continuously determine protein concentrations, with
a rapid response allowing real-time detection of
changes in marker levels [6].

The installation of these biosensors, despite their small
volume (<0.25 cm?), should be carried out in areas that are
not subject to mechanical load and in regions with low stress,
so as not to affect the biomechanics of the implant itself [7].

In addition, there are biosensors for the detection of
various proteins and DNA [8], and biosensors based on
immunological reactions, such as the antigen—antibody
interaction, are also widely used [9].

Single-marker sensors have low specificity, which
complicates the differentiation of the infectious process.
In this regard, a promising direction is the development of
sensors capable of simultaneously detecting several specific
biomarkers associated with bacterial infection (for example,
inflammatory markers, products of bacterial metabolism).
Given the significant social and economic impact of implant-
associated infections, the creation of such universal systems
for early infection prediction is of particular importance.

Significant progress has been made to date in the
development of biosensors with high specificity that can
operate in liquid media, including biological fluids [10]. The
specificity of detecting a wide range of biological markers
in such sensors is achieved through the use of recognition
elements, which may include enzymes [11], antibodies [12],
aptamers [13-15], or whole cells [16]. In addition to their
high specificity, the main advantages of biosensors with
recognition elements are their very broad spectrum of
detectable markers and ultra-high sensitivity, down to
1 molecule per pL [17]. The main drawbacks of hiosensors
are associated with the fact that many recognition elements
do not possess high stability under normal environmental
conditions. Moreover, the architecture of biosensors often
requires the use of fluorescent labels [18, 19] for detecting the
sensor response, which limits their placement inside a living
organism and, accordingly, their integration into implants.

A promising solution to this problem may involve various
electrochemical sensors with an electrical response [20],
such as resistive, capacitive, or various types of transistor-
based sensors containing aptamers as recognition elements.
The use of electrical characteristics for detecting the sensor
response eliminates the need for fluorescent labels [21]
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and significantly simplifies the measurement of the sensor
output, including in flow-through mode [22]. This enables
the placement of electrochemical sensors inside a living
organism, which is impossible for mass-sensitive biosensors
and extremely challenging for optical ones.

In addition, the electrochemical method of analyte detection
offers advantages associated with a wide range of possible
response parameters, such as voltage, current, capacitance,
total output power, or electrochemical impedance, as well
as low theoretical detection limits resulting from differences
between Faradaic and non-Faradaic currents.

The use of aptamers as recognition elements makes
it possible to select almost any inflammation marker
specific to a given process as the target analyte, including
cytokines, C-reactive protein, and TNF-a [23]. Furthermore,
the possibility of creating a multisensor chip—a so-called
“lab-on-a-chip” [24]—capable of simultaneously responding
to pH and a selected specific analyte should enable not only
the detection of an inflammatory process within a living
organism, but also the identification of processes localized
specifically at the site of implant placement.

International publications describe numerous biosensors
based on electrochemical sensors—particularly field-effect
transistors with various recognition elements, including
aptamers, for the detection of a wide range of biochemical
markers, such as alpha-fetoprotein [25], dopamine [26],
cortisol [26], procalcitonin [12], alpha-synuclein [16], and
many others. It should be noted that the functionality of all the
above-mentioned biosensors has so far been demonstrated
only in vitro, in model media or real biological fluid samples
such as saliva, blood, and urine. Therefore, further efforts are
required to develop biosensors of this type that can operate
inside a living organism.

Among the described developments, including all types
of sensors, a substantial proportion operates in the format of
devices with biosensors implanted subcutaneously, with the
contact surface exposed to the skin [6, 27, 28], or requiring
implantation directly under the skin for measurement readout
[29]. The following section will examine fully implantable
sensors, without limitations on implantation depth, based on
the requirements of traumatology and orthopedics.

Prospects for the use of biosensors in various
areas of traumatology and orthopedics

A second important area in traumatology and orthopedics
is the monitoring of bone consolidation and osseointegration,
which can support early rehabilitation and mobilization of
patients through the use of personalized data. The success
of most orthopedic surgeries depends on the healing of
soft tissues and bones, as well as the osseointegration
of implants. Complications arising from these processes
represent the main challenges in surgical treatment.

The absence of implant osseointegration, for example in
the case of prostheses in bone, leads to implant instability
and the need for repeat surgical interventions, as well as an
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increased risk of infectious complications. Another component
relevant specifically to traumatology is the consolidation of
fracture fragments. In cases of impaired bone healing, the
main load is borne by orthopedic implants, which leads to
their damage or instability. This, in turn, results in repeat
surgical interventions, which are generally associated with
greater complexity and less favorable prospects for success
compared with primary surgeries.

Despite advances in traumatology and orthopedics,
surgical treatment methods, and the principles of
osteosynthesis, these problems remain relevant to this day
[30]. In this regard, the development of technologies enabling
the monitoring of bone healing and osseointegration will
allow the personalization of medical care for each patient
and significantly reduce the risk of complications.

This field includes load and micromobility sensors,
accelerometers, gyroscopes, and others [31].

Management of osseointegration
and consolidation

At first glance, the assessment of fracture consolidation
on radiographs may seem straightforward; however,
studies have shown that it is a rather complex problem
[32]. Moreover, research has demonstrated that correlating
radiographic findings with mechanical stability is challenging.
Clinicians were unable to determine the degree of fracture
consolidation from a set of radiographic images or to rank
the radiographs according to stability [33, 34]. The incidence
of nonunion in fractures averages approximately 2% but, in
some situations, may reach up to 20% [30, 35]. Determining
bone union by measuring mechanical loads on the implant
using sensors may serve as an objective method for
assessing consolidation. Current studies demonstrate the
potential of such hiosensors in managing osteosynthesis and
personalizing treatment [36, 37]. For example, in the study
by Kienast et al. (2016), patients with femoral fractures were
implanted with a biosensor attached to the fixation plate,
which recorded real-time data on mechanical loads and
micromobility [38]. Micromobility sensors enabled physicians
to more accurately evaluate the processes of osseointegration
and bone union. The data obtained from the sensors assisted
in the early detection of possible complications, such as
nonunion, which manifested as an increase in micromobility.
Real-time micromobility monitoring allowed physicians to
adapt treatment more effectively for each patient.

Experimental studies have confirmed the high accuracy
of biosensors in monitoring mechanical parameters. For
instance, the study by McGilvray et al. (2015) demonstrated
that implantable micromechanical sensors provide detailed
information on the healing process, including load distribution
and microstrain within the callus [39]. These data are critical
for predicting consolidation and optimizing rehabilitation
timelines [39].

In addition to the above, there are studies in which self-
powered sensors are used to monitor bone union process.
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These sensors are powered directly by oscillations generated
by deformation of the fixation device and, therefore, operate
continuously. The output data from the sensors are curves
that can be used to determine the processes of bone tissue
healing [40].

The use of biosensors in external fixation is also
noteworthy. In the study by lyengar et al. (2022), the integration
of sensors into Ilizarov-type and hexapod systems was
discussed [36]. Sensors embedded in circular fixators were
employed to monitor distraction osteogenesis, deformation
of bone fragments, callus quality, and the accuracy of
angular corrections. Such technologies provide continuous
and objective healing control, which is not achievable with
conventional radiographic methods.

The development of SMART implants for detecting
micromobility is a promising direction in managing
fracture consolidation. These microsensors allow for the
personalization of orthopedic regimens and the early detection
of nonunion, thereby increasing the success rate of surgical
treatment. Furthermore, instability and an inflammatory
microenvironment contribute to the development of implant-
associated infections, which can also be prevented through
the use of biosensors [41].

Application and potential in joint arthroplasty

At present, the implementation of SMART implants in
joint arthroplasty already has a certain foundation [42]. In
2021, Zimmer Biomet introduced the innovative Persona IQ
knee prosthesis equipped with multifunctional biosensors
and a telemetry system [43]. The device includes an
elongated tibial component with integrated sensors: a
three-axis accelerometer, a gyroscope, and a wireless data
transmission system [44]. These sensors enable monitoring
of biomechanical parameters such as step count, walking
speed, stride length, distance walked, and the angular
range of tibial motion. The accelerometer records linear
accelerations, whereas the gyroscope measures angular
velocities, allowing highly accurate reconstruction of
the joint's three-dimensional kinematics. The telemetry
system, powered by a battery with a claimed lifespan
of over 10 years, transmits data to external devices for
analysis by physicians and patients. A key element of the
system is the set of miniaturized biosensors adapted to
operate under mechanical loads and within the biological
environment. The sensors are made from biocompatible
materials resistant to corrosion and deformation, which
is critical for long-term implantation. Their integration into
the 58-mm tibial component ensures measurement stability
but poses engineering challenges due to the increased tibial
component length. To minimize power consumption, an
intermittent operating mode is used: in the first year, data
are collected continuously (from day 2 to day 365); in the
second year, data are collected for 36 days per quarter;
and in subsequent years, for 36 days annually. Over a ten-
year period, active battery use amounts to approximately
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2 years and 2 months, reducing the risk of premature
depletion [43].

The results of using this prosthesis help physicians
understand how the prosthesis functions in real-world
conditions and how it interacts with the patient’s body.
Sensor use allows the collection of objective data on joint
movement and loading, which can be correlated with patients’
subjective assessments. The study by Yocum et al. (2023)
[42] demonstrates that patients may report high satisfaction
levels, whereas objective indicators, such as range of motion
and functional tests, may indicate insufficient recovery.
This underscores the need for more accurate functional
assessment methods [45].

Data obtained through sensors can be used for
individualized prosthesis adjustment, potentially improving
functional outcomes and patient satisfaction. For example,
if the sensors indicate excessive pressure on specific areas,
this may signal the need to modify the design or adjust the
prosthesis. Integrating sensors into prostheses can not only
improve understanding of the patient’s current condition but
also facilitate the development of more effective rehabilitation
programs. Physicians will be able to monitor patient progress
more accurately and adjust recovery protocols based on
objective data.

In addition, there are studies aimed at the early prediction
of endoprosthesis instability using specialized sensors
[46]. Mohammadbagherpoor et al. (2020) presented an
experimental model for the detection of early instability [47].
The system includes a sensor integrated into the prosthesis
structure, which records implant displacement relative to
the bone by measuring changes in the magnetic field. Data
are transmitted wirelessly via inductive coupling, eliminating
the need for built-in batteries and enhancing patient safety.
The processing algorithms convert inductance fluctuations
into quantitative parameters—linear displacement (with an
accuracy of up to 10 pym) and angular deformation (with an
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accuracy of 0.5°), which is critical for detecting early signs
of instability [47]. A key advantage of the system is its ability
to detect abnormal micromovements before the appearance
of clinical symptoms or radiographic changes. For example,
partial degradation of bone cement or the formation of fibrous
tissue around the implant causes characteristic deviations in
kinematics, which the system records and compares with
predefined threshold values. This enables clinicians to predict
the risk of prosthesis loosening at the preclinical stage and
to adjust rehabilitation protocols—for example, by optimizing
the load to extend the service life of the endoprosthesis.

There are also developments of endoprostheses equipped
with thermistors for detecting temperature increases
during movement, which may indicate increased friction.
It is well known that after endoprosthesis implantation, a
pseudosynovial membrane is formed, producing hyaluronic
acid similar to natural synovial fluid. The properties of synovial
fluid vary significantly with temperature, and at elevated
temperatures it may lose its lubricating properties [48].

Under loading, the temperature in a joint with an
endoprosthesis rises, which can affect the quality of the
pseudosynovial fluid and, with prolonged exposure to high
temperature, lead to aseptic necrosis. To assess the degree
of temperature rise depending on friction pairs and types
of endoprostheses, diagnostic methods were developed for
detecting temperature increases during movement and for
evaluating friction by integrating a thermistor into the neck
of the implantable endoprosthesis (Fig. 1) [49].

The durability of biosensors can be enhanced by
converting mechanical energy generated during knee
movement into electrical energy. This allows powering the
embedded sensors and other electronic components of the
implant, making it more autonomous and functional. In the
article by Ibrahim et al. (2019), both the technical aspects
of implementing such systems and the potential benefits
for patients are discussed, including improved health status

Thermistor

Circuit board

Power/data transmission coil

Fig. 1. Cross-sectional view of a modified hip joint endoprosthesis model. Temperature telemetry with thermistor, electronic circuitry and power/data

coil are located inside the implant neck [49].
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monitoring and the possibility of collecting physical activity
data [50].

SMART implants in spine surgery

The first attempts to use strain gauges in spine surgery
date back to 1966, when Harrington rods, used for scoliosis
correction, were equipped with 10 strain gauges and implanted
in three patients. These early SMART implants had lead wires
exiting percutaneously to connect to external data recorders,
enabling, for the first time, the assessment of mechanical
loads on the construct in vivo. Despite limited accuracy and
a high risk of infectious complications, this experiment laid
the foundation for further research. A significant contribution
to the development of the technology in the 1990s was made
by the work of Rohlmann, who proposed the concept of
integrated strain gauge systems for continuous monitoring
of spinal implants [51].

Modern strain gauges, e.g. by Szivek et al. (2022), are
miniature devices mounted directly on metal constructs [52].
Their design includes fixation to rods and vertebral arches,
providing feedback during the progression of spondylodesis.
For example, strain gauges coated with calcium phosphate
ceramics not only record the load but also enhance
osseointegration, whereas uncoated devices demonstrate
a higher risk of migration. A reduction in mechanical
deformation of the implant by 15%-20% within three months
serves as an objective marker of successful bone fusion,
enabling adjustments in rehabilitation or planning of revision
procedures [52].

Postoperative monitoring using biosensors offers
opportunities for predicting complications such as pedicle
screw instability and influencing spondylodesis processes.
In clinical practice, this may be applied to prevent instability
by modifying orthopedic regimens, as well as to provide
information on the necessity of repeat or ventral surgical
interventions. Furthermore, the technology allows for
personalized rehabilitation by optimizing the timing of patient
mobilization based on objective biomechanical data.

A promising area of research is the integration of
Raman microspectroscopy into spinal implants and
instruments. This technology, based on the analysis of
molecular vibrations, enables real-time tissue identification
with an accuracy exceeding 95%, thereby minimizing the
risk of iatrogenic injury to neural structures. In addition,
it can be adapted for integration into spinal implants
and instruments, ensuring continuous monitoring of the
condition of surrounding tissues [53].

Thus, the integration and application of biosensors in
spine surgery hold considerable promise for personalizing
and improving surgical outcomes.

Applications in soft tissues

Studies have been conducted on the development of
biodegradable sensors designed to assess strain and pressure
in soft tissues, particularly in tendons [54]. These sensors
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can be implanted during surgical treatment and enable real-
time monitoring of tissue extensibility. This, in turn, provides
information on scar formation and tissue healing, thereby
allowing for early rehabilitation. Standard rehabilitation
protocols typically involve prolonged immobilization to protect
the operated segment or area. However, such an approach
increases the risk of adhesion formation and may lead to
slower and more costly rehabilitation processes. The sensor
proposed by Boutry et al. (2018) allows for the personalization
of rehabilitation protocols based on extensibility data,
reflecting the trends of the healing process [54].

Self-healing sensors

At present, nanohybrid systems can help to achieve a
stable power supply for wireless systems and eliminate
the need to replace or maintain batteries in medical implant
sensors—uparticularly in humid environments. These
systems are layered nanocomposites incorporating energy-
storage components [57]. One of the promising approaches
to addressing the challenge of developing an efficient and
durable hybrid cell capable of withstanding cyclic mechanical
loading and corrosive environmental effects is the use of
self-healing materials that can restore their original structure
and functions after damage [58]. Self-healing materials are
artificially created substances or systems capable of partially
or fully recovering their initial properties after sustaining
damage.

Recent advances in self-healing materials for organic
electronics have been successfully demonstrated in a wide
range of emerging applications, such as SMART wearables
and flexible devices [59]. A key requirement in designing
self-healing conductors is maintaining high conductivity
after damage and repair. A straightforward strategy for
manufacturing self-healing conductors is to incorporate
reversible bonds into conductive polymers. In lithium-ion
batteries, the main goal is to increase capacity through
the use of a self-healing polymer that binds the anode
material together, enabling the production of a lithium-ion
cell with a capacity of about 3000 mA-h g™' over 20 cycles.
Reports have described the development of a durable
polydopamine—graphene oxide—polyacrylamide (PDA-
pGO—PAM) conductive hydrogel that mimics the adhesion
mechanism of mussels while offering both self-healing and
self-adhesive properties [60].

The use of self-healing sensors increases the service life
of such devices [59].

One of the promising directions is the development of
soft electronics devices based on metallopolymers with
high mechanical properties, electrical conductivity, and
biocompatibility due to reversible metal-ligand bonds[61].
In particular, such devices should withstand deformation
and be able to self-heal in case of mechanical damage. An
energy-storage triboelectric nanogenerator (TENG) has been
developed, which can serve not only as a power source but
also as a self-powered electronic skin [62].

499


https://doi.org/10.17816/vto678583

500

REVIEWS

It consists of a metal-coordinated polymer as a
triboelectrically charged layer and an ion gel with hydrogen
bonds as the electrode. Even after 500 cutting and healing
cycles or under an extreme 900% strain, the TENG retains
its functionality, i.e., intrinsic and autonomous self-healing
capabilities under ambient conditions. In addition, it
demonstrates high performance: fast healing time (30 min,
100% efficiency at 900% strain), high transparency (88.6%),
and ultrastretchability (>900%).

Self-healing polymers are a promising way to
address the problems of wear in polymer products
under mechanical loads or environmental exposure [63].
Moreover, such supramolecular structures often exhibit
stimulus-responsive properties—reacting to changes in
temperature, pH, or humidity, which opens new prospects
for the creation of SMART materials for medicine and
electronics, sensors and actuators, as well as shape-
memory materials.

Prospects for the application of bioluminescent
biosensors in traumatology and orthopedics

Bioluminescent biosensors: a novel platform for monitoring

In the context of developing SMART implants,

bioluminescent biosensors are of particular interest. These
systems are based on enzymatic reactions, for example,
using bacterial luciferase, and enable the detection of
changes in the metabolic activity of surrounding tissues in
real time [64].

Their key advantages include:

« High sensitivity: the ability to register minimal changes
in metabolite concentration (e.g., lactate, NADH) or
redox potential, which is relevant for early diagnosis
of infections or hypoxia [65];

+ Rapid analysis: the response time ranges from 5 to
30 minutes, which is critical for intraoperative or post-
operative monitoring [66];

» Stability: immobilization of enzymes in gel matrices
(e.g., starch or gelatin) increases the shelf life of re-
agents up to 2 years without loss of activity, facilitating
their use in clinical practice [67];

« Versatility: the ability to adapt to various biomarkers
(pH, lactate, redox status) through the combination
of enzymes (e.g., NADH-oxidoreductase and lucif-
erase) [68].

Applications in traumatology and orthopedics:

» Early detection of infections. Bioluminescent sensors
can detect pH changes or lactate levels associated
with bacterial activity, similar to the sensors described
earlier in this review [5]. For example, a luciferase- [69]
and NADH-oxidoreductase-based system can register
redox changes characteristic of inflammation. Unlike
thermosensors [3], such systems maintain sensitivity
even in low-grade infections when temperature
deviates only slightly from normal [4].
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+ Monitoring of osseointegration and consolidation.
Enzymatic bioassays can be integrated into implants to
assess osteoblast metabolic activity. A decrease in NADH
levels (@ marker of cellular respiration) may indicate
impaired bone regeneration, correlating with micromotion
data [38]. For instance, gel-immobilized multienzyme
systems (e.g., Enzymolum) can perform multiparametric
analysis, including redox status and medium acidity [70].

+ Personalized rehabilitation. Portable bioluminescent
luminometers (e.g., the Enzymolum laboratory
system) can be used to analyze biological fluid
samples (synovial fluid, blood) to assess the trends of
soft tissue or tendon healing [54].

Technical aspects:

+ Gel immobilization improves enzyme resistance to
mechanical loads, relevant for implants under constant
pressure [7].

+ Microfluidic chips: miniaturization enables integration
of sensors into prosthetic designs (e.g., into the neck
of a femoral component [49]).

» Autonomy: combination with triboelectric generators
can ensure energy-independent operation [50].

Examples of clinical implementation:

« Biosensors for toxicity monitoring are already in use
for environmental control [71], but can be adapted to
detect bacterial toxins in the periprosthetic area.

+ Enzymatic bioassays are applied in the diagnosis of
stress states via saliva [71], offering opportunities for
noninvasive postoperative stress monitoring in ortho-
pedic patients.

Bioluminescent biosensors developed by Kratasyuk and
her colleagues from the Institute of Biophysics, Federal
Research Center Krasnoyarsk Scientific Center of the
Siberian Branch of the Russian Academy of Sciences, and the
Federal State Autonomous Educational Institution of Higher
Education Siberian Federal University (Krasnoyarsk) offer an
innovative approach to creating SMART implants. Their key
advantages—high sensitivity, rapid response, and capability
for multiparametric analysis—make them promising for
early infection diagnosis, osteointegration monitoring, and
personalized rehabilitation. Further research should focus on
integrating these technologies into existing implant systems
and minimizing costs.

CONCLUSION

At present, the implementation of biosensors and SMART
implants remains challenging due to their high cost and the
lack of widespread practical application. This situation is similar
to many other technologies that have gone through similar
stages, such as mobile communications and computers.
However, with the advancement of nanotechnology, microchips,
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artificial intelligence, and the practical applicability of these
technologies, they will undoubtedly hold considerable promise
in the near future. Those who master these technologies at the
early stage of their development may become leaders in this
field. In turn, this will not only bring economic benefits to the
Russian healthcare system but also enable competition in the
global implant market.

Biosensors for the prevention of infectious complications
will make it possible to detect them at early stages, thereby
helping to prevent the formation of biofilms on implant
surfaces. This could significantly reduce the economic costs
associated with managing implant-associated infections.
Most importantly, it would improve surgical outcomes,
reduce the incidence of infectious complications, and enhance
patients’ quality of life.

In addition, these technologies may substantially reduce
the number of complications related to implant instability and
osseointegration. This could fundamentally change both the
paradigm and frequency of such complications. Data obtained
from microsensors could help to personalize orthopedic
regimens according to the rate of bone fusion, which may not
correspond to radiological findings and may manifest later,
thereby limiting the patient’s ability to resume full activity.

Furthermore, data on the trends of bone fusion will also
enable physicians to perform revision surgeries earlier to
achieve success. For example, the absence of any trend
toward decreased micromotion over time may indicate a lack
of callus formation. Gradual micromotion reduction, detected
only by biosensor monitoring but not visible on radiographs,
can help avoid unnecessary surgical interventions. Moreover,
osseointegration rates vary significantly between individuals,
yet recommendations for orthopedic regimen compliance are
generally uniform. This may substantially limit the patient’s
activity and quality of life. Implants capable of reporting
the status of fracture callus formation will promote earlier
mobilization and serve as an additional factor in maintaining
adherence to orthopedic regimens.

In addition, pressure and motion sensors can track
postoperative rehabilitation processes and provide objective
assessment using biosensor data. Such data can be used to
personalize rehabilitation programs, adjust implant status,
optimize orthopedic regimens, and carry out timely replacement
of consumable components such as liners and other elements.

Pressure sensor readings may also reveal shortcomings
in orthopedic devices and guide their modification toward
creating optimal implants capable of evenly distributing
loads. In device-assisted treatment, which is often quite
compley, it is necessary to carry out lengthening procedures
correctly, taking into account the varying potentials of each
patient for regenerate formation. This process could also be
automated based on biosensor data.

SMART implants in traumatology and orthopedics are
transforming treatment approaches by integrating
biocompatibility, digitalization, and personalization. Ultimately,
the development of SMART implants and biosensors
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embedded in bone structures may lead to the concept of
a smart body, where individuals can assess the function of
their own bodies and various systems based on sensor data.
Inevitably, these technologies face—and will continue to
face—challenges such as biocompatibility, biodegradability,
longevity of operation, as well as numerous ethical issues
related to data protection. However, given the current pace
of technological development, their implementation appears
likely in the near future.
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A0NOSIHATESIbHAS! UHDOPMALIUA

Bknap, aBTopoB. Bce aBTopsl 0406punn GuHanbHyto Bepcuio nepea ny-
BAMKaLWen, a TaKKe COrNacuMCh HECTU OTBETCTBEHHOCTb 3@ BCE acnek-
Tbl paboThl, rapaHTUpYA Hafnexalllee pacCMOTPEHNE W peLLeHre Bonpo-
COB, CBA3aHHBIX C TOYHOCTbIO M [106POCOBECTHOCTLIO MO0 €€ YacTu.
WUcTouHuku duHaHcmpoBaHusa. PaboTa BuinonHeHa npy GUHaHCOBOM Noa-
Aepxke Poccuinckoro HayuHoro doHaa (npoekt Ne 23-73-00103).
PackpbiTe uHTepecoB. ABTOpbI 3asBAAOT 06 OTCYTCTBUW OTHOLLEHWA,
BEATeNbHOCTA WM UHTEPecoB (IMYHbIX, MPOdECCMOHANbHBIX UK (UHAHCO-
BbIX), CBA3aHHbIX C TPETbUMM MLLAMU (KOMMEPYECKUMM, HEKOMMEPYECKUMMU,
4acTHbIMM), MHTEPECH! KOTOPbIX MOTYT BbITb 3aTPOHYTHI COAEPIKaHWEM CTa-
TbU, @ TAKIKE UHbIX OTHOLLIEHWIA, AEATESILHOCTM U MHTEPECOB 3@ NOCIeAHVe
TPV rofia, 0 KOTOpbIX HE0bX0AMMO COOBLLMT.

OpurmHanbHoCTb. Mpy Co3aaHMM HacToALLE paboTsl aBTOPLI HE MCMOSb30-
BaNv paHee OnybMKOBaHHbIe CBELEHNS (TEKCT, AaHHbIE).

[eHepaTUBHBINA UCKYCCTBEHHbIA MHTEJUIEKT. [1py co3faHuM HacTosLen
CTaTb¥ TEXHONOTWW FEHEPaTUBHOTO WCKYCCTBEHHOrO WHTENNEKTa He uc-
nonb30Banu.

PaccMotpenue u peueHsupoBaHue. Hactoslas pabota nofaHa B xypHan
B MHWLMATMBHOM MOPAAKE W paccMoTpeHa no obbluHo npoleaype. B pe-
LIeH3VPOBaHWM Y4acTBOBaNM [Ba BHELLHWX PELIEH3EHTa, YreH pefakLMoH-
HO KOJINErnm 1 Hay4HbIA pefjaKTop U3AaHUA.
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