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Abstract

In recent years, the substantial increase in total joint replacements for treating
degenerative joint disease has heightened concerns regarding implant loosening and
failure. This is especially critical as more young patients are undergoing both initial
and subsequent joint replacement procedures. These complications often necessitate
additional revision surgeries. Unfortunately, current clinical practices lack effective
methods for the early detection of implant failure, and there is a noticeable absence
of strategies utilizing molecular markers to identify post-surgery implant issues.
This article critically assesses the potential of aggregation-induced emission (AIE)
biomarkers in detecting molecular markers relevant to implant failure. It begins by
outlining the pathogenesis of implant loosening and identifying pertinent molecular
markers. The study then delves into how AIE luminogens (AIEgens) can play a cru-
cial role in detecting processes such as osteogenesis and osteoclastogenesis. Notably,
it discusses the utilization of AlEgens in detecting key molecular markers, includ-
ing TNF-a, osteocalcin, and urinary N-terminal telopeptide. The prospect of AIE
biomarkers for the early detection of bone loss and implant failure presents a promis-
ing avenue for enhancing our understanding of skeletal health and improving clinical
outcomes through timely intervention and personalized treatment approaches. Ongo-
ing research and development in this area are crucial for translating AIE-based
technologies into practical tools for optimizing bone health management.
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1 | INTRODUCTION

Abbreviations: 6-TAMRA, 6-carboxytetramethylrhodamine; Ada, Adalimumab;
AlEgens, Aggregation-induced emission fluorogens; ALP, Alkaline phosphatase;
BODIPY, Boron-dipyrromethene; C2 linker, C2 indicates a short two-carbon linker;
CBT motif, Cysteine-boronate transition state motif; CGPLGVRGK-BHQ3,
Peptide-BHQ with C, G, P, L, V, R, and K representing cysteine, glycine, proline,
leucine, valine, arginine, and lysine, respectively.; Cit, Citrulline; CK, Cathepsin K;
CyA-P-CyB, Two cyanine moieties linked via a cathepsin B-activated peptide
(Gly-Phe-Leu-Gly); Cys, Cysteine; DHXP, 2’,3’-Dideoxy-7,8-dihydro-8-
oxoguanosine 5’-Triphosphate; DMEM, Dulbecco’s modified eagle medium; ELISA,
Enzyme-linked immunosorbent assay; FRET, Forster resonance energy transfer;
GFLG, Gly-Phe-Leu-Gly; HAp, Hydroxyapatite; HCy, Hemicyanine; IL, Interleukin;
MAL, Maleimide; MC-3T3-E1, Mouse Calvaria 3T3-E1; MMPs, Matrix
metalloproteinases; NIR, Near-infrared; OPG, Osteoprotegerin; PEG4, Polyethylene
glycol (with 4 repeat units); PEI, Polyethyleneimine; PTB-EDTA,
Phenol-2.,4,6-tribenzoic acid-ethylenediaminetetraacetic acid; RANK, Receptor
activator of nuclear factor Kappa-B; RANKL, Receptor activator of nuclear factor
Kappa-B ligand; RGD, Arginine-glycine-aspartic acid; RNA, Ribonucleic acid;
RT-qPCR, Reverse transcription quantitative polymerase chain reaction; TNF-ar,
Tumour necrosis factor-a; TPE, Tetraphenyl ethene; TRAP, Tartrate-resistant acid
phosphatase; TTQF, Threonine-threonine-glutamine-phenylalanine tetrapeptide
sequence; UAG, Uridine-adenosine-guanosine; Val, Valine amino acid.

Total joint replacement, also known as total joint arthro-
plasty, aims to alleviate pain, restore mobility, and improve
the overall quality of life for patients suffering from severe
joint diseases. In recent years, the prevalence of total joint
replacement to treat degenerative joint disease has increased
tremendously due to longer life expectancies leading to
the growth of the elderly population and the obesity epi-
demic. Additionally, advancements in surgical technologies
and healthcare services have facilitated timely diagnosis and
treatment leading to an increase in the number of joint
replacement interventions. The incidence of total knee and
hip replacements is estimated to rise by 601% and 137%,
respectively, by the year 2030.!'] With the limitation of total
joint implants to fully recapitulate the anatomy, physiology,
biomechanical function and kinematics of their native coun-
terparts, their clinical benefits may not be the best option for
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implant loosening including the associated indications (clinical and biological) leading to two different diagnostic strategies (medical imaging and biosensing).
The development of new technologies, based on aggregation-induced emission luminogens (AIEgens), may improve the process enabling early detection of
implant failure. The detection of clinically relevant molecular effectors should be the focus of future research to facilitate effective commercialisation in clinical

practice (Created with BioRender.com).

younger more active patients. While challenges to developing
innovative total joint implants to address the current problems
still exist, concerns regarding implant loosening and failure
leading to revision surgeries remain present. This issue is
particularly significant as the demand for primary and revi-
sion total joint replacement surgeries in young patients is
increasing.!”!

Different factors such as surgical techniques, patient bone
quality, implant design, stress shielding, micromotion, and
genetics play a role in the aseptic loosening of joint implants
(Figure 1).3*] In addition, total joint replacement implants,
consisting of metal and polymeric components creating
metal-on-metal or metal-on-polymer articulations, are often
exposed to different loading regimes and magnitudes; thus,
generating wear debris. These wear particles can be from
metals, bone cement, ceramics, and polymers with different
characteristics such as morphology, size, and concentra-
tion. Wear particles exhibit different biological behaviour
with smaller particles being more biologically active in
terms of inducing inflammation and osteolysis leading to
implant loosening.>~7] Clinical imaging technologies such
as radiography, CT, and MRI scans are the current diagno-
sis methodologies for the observation of implant dislocation
as well as identification of gaps at the implant-bone inter-
face (radiolucent lines) and pseudotumor; however, none of
them are able to detect implant loosening at the early stage
(Figure 1).1%°1 Timely detection of loosened implants is vital
to prevent bone resorption and fracture and reduce the risks
associated with late revision surgery. On the other hand, the
early detection of osteolysis post-surgery may result in devel-
oping innovative strategies to employ molecular markers for
future therapeutic advancement. For instance, expression of
tumour necrosis factor-a (TNF-a) is central to regulating

wear-induced osteolysis, and therefore, its inhibitors such as
small interfering RNA and etanercept may offer viable treat-
ment options to minimise the risk of implant failure.['-!?]
From a biochemical point of view, the balance between the
biological activities of osteoclasts and osteoblasts—the cells
responsible for bone resorption and formation, respectively—
controls bone remodelling. If the balance is altered, implant
loosening is highly likely to occur.l'*] The pathogenesis of
osteolysis encompasses the sequence of biological events and
mechanisms leading to the secretion of different molecular
effectors including proinflammatory cytokines TNF-a and
interleukins (e.g., IL-13, IL-1, IL-6, IL-18), enzymes (e.g.,
matrix metalloproteinase 1, 2, 3, 9, 10, as well as alka-
line phosphate and cathepsin), and osteoprotegerin.[!*~18]
Therefore, developing biomarkers to detect these molecular
effectors from urine or serum samples may lead to the gener-
ation of advanced and non-invasive technologies crucial for
early detection of implant loosening.! !9~

Different methodologies and biosensing platforms have
been used to detect molecular effectors associated with bone
remodelling and osteolysis. Traditional electrochemistry and
immunohistochemistry approaches for the detection of these
molecular effectors require expensive biological optimisa-
tions, which are often time-consuming and suffer from poor
stability and relatively long incubation times.>*>’] Enzyme-
linked immunosorbent assay (ELISA) has been the most
widely used immunoassay technique for the detection of
the abovementioned molecular effectors; however, the asso-
ciated antibody immobilization and frequent washing steps
have made the process highly challenging.[”’>°1 Advanced
technologies such as molecular imprinting to create sen-
sitive biosensors and detect different molecular effectors
involve multiple steps that significantly reduce commercial
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viability.[*" Techniques based on optical tracking of parti-

cle motions and the use of antibody sandwich configurations
rely on the diffusivity, density, and functionalisation of anti-
bodies for the detection of molecular effectors, which induces
complexity.*!! The presence of toxic reagents and high back-
ground noise have been the limitations of electrochemical
biosensors.[ #2331 Photoelectrochemical biosensing platforms
are better options in terms of operational simplicity, superior
stability, ultra-high sensitivity, and minimal background sig-
nal; however, low conversion efficiency and limited range of
applications are their major drawbacks.[?+30

The recent discovery of aggregation-induced emission
luminogens (AlEgens) has opened new avenues to develop
innovative biomarkers that may address the current major
disadvantages.!’’! AIEgen-based biomarkers are not ini-
tially fluorescent; however, their emission properties become
significant in the aggregated state.***’] The elevated
emission efficacy, excellent photostability, and high detec-
tion sensitivity of AIEgens, compared to other fluorescent
molecules, make them an excellent platform for detecting
molecular effectors.[***7] AIEgens offer a promising tool
for advancing diagnostics, monitoring, and treatment in the
orthopaedic field, addressing challenges in conditions like
osteoporosis, inflammation, and bone fracture healing.[45>!]
This advancement is based on developing biomarkers that can
detect the activity of osteoporosis-associated enzymes (such
as alkaline phosphatase; ALP) in blood serum,°231 iden-
tify osteoporotic bone defects,!*®! measure bone density, >’
track bone marrow cells,[>*3°] and monitor bone healing,
fractures, and inflammation.’°%] Recently, AIEgens have
also been used to study inflammatory pathways and the for-
mation of urate crystals leading to rheumatoid arthritis.[>*-0!]
Therefore, the first aim of the current study was to review
and clarify the role of AlEgens in the monitoring of osteo-
genesis and osteolysis, the biological processes that are
highly related to bone formation and bone resorption lead-
ing to implant loosening. The second aim of the current
study was to explore the application of AlEgens in the
detection of specific cytokines including TNF-a, osteocalcin
and urinary N-terminal telopeptide. This aim, in partic-
ular, draws attention to developing novel AIEgen-based
biomarkers that are highly clinically relevant leading to the
generation of commercially viable biomarkers crucial for the
early detection of implant failure.[%%%] A recent systematic
review revealed that amongst different molecular effectors,
the concentration of TNF-a and osteocalcin was signifi-
cantly lower in stable compared with loosened implants.[%%!
Moreover, the concentration of urinary N-terminal telopep-
tide was substantially higher in patients with loosened joint
implants.[%4]

To the best of our knowledge, comprehensive research
to identify the use of AlEgens for early detection of joint
implant loosening and failure is yet to be conducted. A
thorough search was performed through scientifically rep-
utable databases, including PubMed, and Web of Science,
from 2010 to 2024, using relevant keywords comprising
“aggregation-induced-emission” combined with “osteogene-
sis”, “osteoclastogenesis”, “osteolysis”, “TNF-a”, “osteocal-
cin”, and “urinary N-terminal telopeptide” with and without
“joint implant”. Additionally, the bibliographies of identified
studies were examined for additional relevant research.

2 | PATHOGENESIS OF JOINT IMPLANT
LOOSENING

A healthy bone continuously undergoes a process of remod-
elling, where old bone is resorbed by osteoclasts, and
new bone is formed by osteoblasts. Therefore, the relevant
molecular effectors are actively produced and collectively
contribute to the dynamic process of bone remodelling
including synthesis, mineralisation, and resorption of bone
matrix. In conditions of chronic inflammation or in the pres-
ence of different stimulators (such as wear particles from
joint implants), elevated levels of the molecular effectors may
indicate increased bone resorption, which can be associated
with conditions such as osteoporosis or implant loosening. ]
Understanding the physiology of bone remodelling, osteo-
clastogenesis in particular, is central to understanding oste-
olysis associated with joint implants. Osteoclastogenesis,
a process by which osteoclasts are formed and activated,
is central to bone remodelling and maintenance of bone
integrity.l'*] Briefly, receptor RANK ligand (RANKL), a
cytokine produced by osteoblasts, stimulates the differen-
tiation and activation of osteoclasts. When RANKL binds
to its receptor RANK on the surface of osteoclast precur-
sors, it triggers intracellular signalling pathways that promote
osteoclast formation and activity (Figure 2A). On the other
hand, osteoprotegerin (OPG)—a glycoprotein that plays a
crucial role in regulating bone metabolism—is produced
by osteoblasts and its primary function is to regulate bone
remodelling by acting as a decoy receptor of RANKL.[%0]
Therefore, OPG acts as a competitive inhibitor by binding to
RANKL and preventing it from binding to RANK, thereby
inhibiting osteoclast formation and activity. By regulating
the balance between RANKL and OPG, the body can main-
tain bone homeostasis and prevent excessive bone resorption,
which is essential for maintaining bone strength and integrity.
Dysregulation of the RANKL/OPG ratio can lead to bone
disorders leading to implant failure.[°! Within this intracel-
lular signalling pathway, several molecular effectors play a
critical role. Cytokines such as TNF-a and interleukin-1 (IL-
1B8) stimulate RANKL expression (Figure 2B).1°7] TNF-q,
a pro-inflammatory cytokine produced by immune cells and
other cell types, has been shown to enhance the expression
of RANKL in osteoblasts. This creates a positive feedback
loop whereby TNF-« stimulates the production of RANKL,
further promoting osteoclastogenesis and bone resorption. 7]
The combined actions of RANKL and TNF-« create a syn-
ergistic effect on osteoclastogenesis. TNF-a enhances the
responsiveness of osteoclast precursors to RANKL, leading
to increased osteoclast formation and activity (Figure 2B).
Dysregulation of the RANKL/TNF-a feedback loop can
have pathological consequences in conditions associated with
excessive bone resorption where elevated levels of TNF-a
and RANKL contribute to increased osteoclast activity and
bone loss.!®®! Mature and proliferated osteoblasts express
tartrate-resistant acid phosphatase and cathepsin K, two
enzymes that are central to osteolysis.

Amongst different molecular effectors TNF-a, osteocal-
cin, and urinary N-terminal telopeptides are key molecular
effectors, the detection of these in body fluids may lead
to early detection of joint implant loosening.[”®! Osteocal-
cin is a major non-collagenous protein which is produced
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(A) Osteoclastogenesis biological process indicates critical pathways for the formation of osteoclasts. (B) Pathogenesis of bone resorption

and implant failure emphasizing the role of cytokine (TNF-«) and interleukin (IL-18 and IL-6). The secretion of TNF-a by immune cells promotes RANKL
expression leading to the formation of a higher number of mature osteoclast and a higher concentration of tartrate-resistant acid phosphatase (TRAP) and
Cathepsin K (CK) at the bone-implant interface. Additionally, pro-inflammatory TNF-a and IL-6 can induce the production of IL-18 which acts directly on
osteoclast precursor cells to enhance their differentiation and activation (Created with BioRender.com).

by osteoblast cells and is responsible for bone formation
including bone metabolism and mineralization. TNF-a is a
signalling protein (cytokine) which is involved in the reg-
ulation of inflammatory and immune responses within the
body. Urinary N-terminal telopeptides are fragments of col-
lagen molecules that are released during the breakdown of
bone tissue, particularly during the resorption phase of bone
remodelling. TNF-« contributes to implant loosening through
different pathways including inflammation, bone resorption,
matrix degradation, osteoblast function, osseointegration, and
angiogenesis.!®”7!] TNF-a stimulates the activation and
differentiation of osteoclast cells responsible for bone resorp-

tion. Increased osteoclast activity leads to the breakdown
of bone tissue around the implant, resulting in osteoly-
sis and implant loosening.!°! Moreover, it promotes the
production of matrix metalloproteinases (MMPs), enzymes
involved in the degradation of extracellular matrix com-
ponents, including collagen and proteoglycans.!’’! MMPs
contribute to the destruction of the bone-implant interface and
the development of peri-implant osteolysis.!”?]

TNF-a can inhibit the function of osteoblasts, cells respon-
sible for bone formation; thus, limiting bone remodelling and
leading to bone loss and implant instability.!”*] Increasing
the activation of osteoclasts and the inhibition of osteoblast
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biological activity alters the bone resorption-formation
balance and interferes with the process of osseointegration
leading to implant loosening over time. Angiogenesis in
periprosthetic tissue, formation of new blood vessels, can
be dysregulated due to TNF-a hyperactivity contributing
to tissue inflammation and bone remodelling abnormalities,
further promoting implant loosening.!’#] The relationship
between osteocalcin level and implant loosening is not
well-established and the associated mechanistic pathways
are not clear. Implant loosening often triggers increased bone
turnover and remodelling around the implant site. Osteocal-
cin, as a marker of bone turnover, may reflect this increased
activity. Clinical studies examining bone metabolism around
loosened implants have reported a higher osteocalcin level
because of increased bone remodelling.[°*7>] On the other
hand, the release of inflammatory mediators and cytokines,
due to wear debris or implant instability, in the periprosthetic
environment stimulates bone turnover, potentially leading
to elevated osteocalcin and urinary N-terminal telopeptides
levels.[76-771

3 | AGGREGATION-INDUCED
EMISSION LUMINOGENS AND
OSTEOGENESIS

Osteogenesis refers to the process of bone formation or
the creation of new bone tissue. AIE biomarkers in this
category are often able to inform the formation of new
bone or osteoblast activity; hence, indirectly addressing bone
loss. A recent study developed a highly soluble fluorescent
molecule; an AlE-active tetraphenylthene (TPE) and ben-
zothiadiazole containing conjugated polymer with ethylene-
diaminetetraacetic acid moiety (PTB-EDTA) exhibiting AIE
characteristics. The ability of the AlEgen to adhere to
osteogenic-differentiated cells leads to a gradual increase
in fluorescence property as osteogenic differentiation pro-
gresses. PTB-EDTA displays maximum absorption and
emission peaks at 429 and 594 nm, respectively, with a
considerable Stokes shift of 165 nm, high quantum yield
(approximately four-fold), and excellent biocompatibility
making it suitable for bioimaging and sensing applica-
tions. The authors have compared this AIEgen with various
osteogenic markers such as mRNAs by RT-qPCR, and
have shown that PTB-EDTA could selectively illuminate
osteoblast differentiation without interfering with osteogenic
differentiation.’®] A water-soluble iridium (III) complex (Ir-
BP2) serving as an AIE-active staining agent for bone matrix
analysis has been developed recently. This has been made
through adding phosphonate groups to the Ir-BP2 molecule
enabling the formation of selective binding with bone compo-
nent hydroxyapatite. With excellent biosafety characteristics,
a prolonged lifetime, and high accuracy in staining calcium
deposits, the AIE molecule was not only able to monitor the
proliferation and differentiation of preosteoblast MC-3T3-E1
cells in real-time but also was capable of illuminating bone
microstructure including microfractures.[>°! In this study, Ir-
BP2 was sprayed over the vertebrae in the spine to diagnose
eosinophilic granuloma. In vertebral eosinophilic granuloma,
Langerhans cells accumulate and form granulomas within the
spine bone tissue increasing the risk of pathological fractures
(Figure 3).

WILEY 122

In another study, a dual-purpose near-infrared (NIR)
light-activated AIEgen was developed enabling both remote
control of cell differentiation and real-time monitoring of the
process.l”? The biomarker was developed by encapsulating
the photoactivatable caged compound (4,5-dimethoxy-2-
nitroacetophenone/siRNA) and integrating it with an MMP13
cleaved imaging peptide-tetraphenyl ethene (TPE) unit,
which was conjugated with mesoporous silica nanoparti-
cles. Linking the AIEgen to silica nanoparticles using the
MMP13-sensitive peptide in this research, enabled the release
of AlEgen triggered by MMPI13 through the cleavage of
the linker peptide. As a result, the aggregation of released
AlEgen exhibited a strong fluorescence signal at a 560 nm.
Since the expression of MMP-13, a critical molecular effec-
tor for bone remodelling, is relevant to stem cell osteogenic
differentiation, this AIEgen was effective in monitoring the
differentiation process. Additionally, this study showed that
upon NIR excitation the up-converted UV from mesoporous
silica nanoparticles initiated the activation and release of
the siRNA intracellularly leading to gene knockdown and
effective induction of stem cell differentiation.[”®] A similar
strategy was used to prepare and engineer a photo-responsive
nanoplatform based on up-conversion nanoparticles for
near-infrared light-mediated control of intracellular icariin
release, aimed at regulating the osteogenic differentiation
of stem cells for osteoporosis treatment. Nanoparticles in
this study were linked with photocaged and PEG linkers, 4-
(hydroxymethyl)—3-nitrobenzoic acid and OH-PEG4-MAL,
respectively. The nanoparticles were then conjugated with
cap S-cyclodextrin and RGD-targeted peptide/matrix metal-
loproteinase 13; hence an MMP13-sensitive peptide-BHQ
(CGPLGVRGK-BHQ3) was developed. Upon exposure to
980 nm NIR light, the upconverted UV emitted from the
nanoparticles triggered the cleavage of cap S-cyclodextrin,
leading to intracellular icariin release. This process induces
osteogenic differentiation leading to the treatment of osteo-
porosis. Simultaneously, MMP13 that was generated during
the osteogenic differentiation led to MMP13-sensitive pep-
tide cleavage via removing BHQ and restoring the fluores-
cence of nanoparticles. This enabled real-time detection of
osteogenic differentiation and assessment of the efficacy of
the osteoporosis treatment.! 5"

Alkaline phosphatase (ALP) plays a critical role as
a monophosphate hydrolase in cell mineralisation and
osteogenic differentiation. ALP is essential in bone for-
mation through its roles in mineralization, matrix vesicle
regulation, and induction of osteogenic genes. Its activity
is a key indicator of osteogenic differentiation, making it
an important enzyme in both research and clinical diagnos-
tics related to bone health and regeneration. Only one study
was found that specifically monitored ALP activity in living
stem cells to detect osteogenic differentiation. In this study,
three phosphorylated tetraphenylethylene (TPE) AlEgens
(TPE-PA, TPE-2PA, and TPE-4PA) with varying numbers
of —POsH, group were synthesised. It was shown that both
TPE-PA and TPE-2PA molecules exhibited high sensitivity to
ALP in aqueous solutions through ALP accelerating hydrol-
ysis of —PO3;H, groups leading to the aggregation of the
AlEgen (Figure 4A). However, only TPE-2PA demonstrated
excellent cell penetrability and a high fluorescence signal-
to-noise ratio during osteogenic differentiation in living
cells.[31]
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FIGURE 4 (A) The chemical structures of three phosphorylated tetraphenylethylene (TPE) molecules (TPE-PA, TPE-2PA, and TPE-4PA) and their
fluorescence spectra in the presence of different concentrations of ALP.I3!] Adapted with permission.[®!] Copyright 2012, Royal Society of Chemistry. (B) The
turn-on fluorescent molecule based on TPE to monitor the activity of ALP.[3?] Adapted with permission./®?] Copyright 2013, American Chemical Society. (C)
Real-time monitoring of ALP activity using DHXP, a derivative of 3-dihydro-1H-xanthene-6-ol molecule with a phosphatase reactive site.!**] Adapted with
permission.[®3] Copyright 2017, American Chemical Society. (D) Schematic illustration, the chemical structure, and fluorescent properties of benzopyrene
biomarker in response to ALP.[3*] Adapted with permission.®*! Copyright 2014, American Chemical Society.
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Several studies have employed AIEgens to monitor ALP
activity in serum and cells.[®?-%*] While these studies did
not specifically target ALP activity resulting from osteogenic
differentiation, they developed AIE biomarkers characterized
by simple structure, a one-step synthesis process, high sen-
sitivity for detecting ALP at low concentrations, and high
accuracy in measuring ALP activity. These attributes suggest
that further research could expand their clinical applications
to include the detection and monitoring of ALP activity in
the osteogenesis process. A turn-on AIE biomarker, based
on TPE with two phosphate groups featuring AIE properties,
was developed to detect ALP activity. The phosphoryla-
tion of TPE served dual purposes: providing specific sites
for subsequent ALP catalysis and transforming the parent
structure into a water-soluble species, rendering the AIEgen
nearly non-fluorescent in water. Upon the addition of ALP,
the phosphate groups were cleaved, yielding insoluble TPE
with two hydroxyl groups (TPE-20H), which could aggre-
gate to produce intense fluorescence emission (Figure 4B).
The detection limit was found to be 0.2 U L~! in Tris buffer
solution with a linear quantification range of 3-526 U L~!
(with a linear range of up to 157 U L~! for a dilute serum).[3?]

In another study, a ratiometric fluorescent molecule with
AIE feature and enhanced permeability and retention char-
acteristics was developed for ALP activity assay by simple
modification of 2’-hydroxychalcone.[®>] It was shown that
upon exposure to ALP, the emission spectrum of the AIEgen
shifted from yellow-green to red allowing the monitoring
of ALP activity within a concentration range of 0—150 mU
mL~! (detection limit of 0.15 mU mL~").¥5) A near-infrared
AlIEgen based on a derivative of 3-dihydro-1H-xanthene-6-ol
(DHX) which contained a phosphatase reactive site (DHXP)
was synthesised and characterised for real-time monitoring
of ALP activity (Figure 4C). This study demonstrated that
the AIEgen exhibited a remarkable up to 66-fold increase
in fluorescence intensity upon interaction with ALP with a
detection limit of 0.07 U L~!. While this study did not use
the biomarker to detect ALP originated by osteogenic dif-
ferentiation, it was found highly effective in monitoring the
ALP activity produced during Hella cell proliferation and
endogenous ALP predominant in a mouse model.[®*] Util-
ising benzopyrene, an AIEgen comprised two components:
the positively charged polyethyleneimine (PEI) and the neg-
atively charged pyrene derivative, was synthesized which
enabled the ratio detection of ALP levels (detection limit
of 0.1 U mL™") in human serum samples due to enzymatic
reactions (Figure 4D).[184]

4 | AGGREGATION-INDUCED
EMISSION LUMINOGENS AND
OSTEOCLASTOGENESIS

Osteoclastogenesis is the process by which osteoclasts, spe-
cialized cells responsible for bone resorption, are formed
from precursor cells. Cathepsins, a group of lysosomal pro-
teases, play a critical role in various physio-pathological
processes and are key enzymes involved in the degrada-
tion of bone matrix proteins during osteoclast-mediated bone
resorption.[3%87] In particular, cathepsin K is predominantly
expressed in osteoclasts and is one of the most important
cathepsins involved in bone resorption. It is responsible for

WILEY 2%

degrading type I collagen, the main structural protein in bone,
and other matrix proteins within the bone matrix. Cathepsin K
plays a critical role in the formation of the resorption lacuna,
the space created by osteoclasts during bone resorption. An
increase in the concentration of cathepsin K at the implant
site can lead to the loosening and consequent failure of the
implant.[®¥] On the other hand, cathepsin B participates in
the degradation of extracellular matrix components and facil-
itates the migration and fusion of osteoclast precursor cells
during osteoclastogenesis. Cathepsin B regulates signalling
pathways involved in osteoclast activation and bone resorp-
tion and modulates the activity of growth factors, cytokines,
and cell surface receptors that regulate osteoclast function
and the bone remodelling processes. Therefore, higher activ-
ity or concentration of cathepsin B may reflect early implant
failure.!%”]

Unfortunately, no studies have been published to date that
focus on developing an AIE biomarker specifically designed
to detect cathepsins secreted by osteoclasts in the context
of implant failure studies. Although a series of cathepsin-
activatable biomarkers have been developed recently, they
either lack AIE characteristics or have been used for appli-
cations that are irrelevant to osteoclasts. For example, A TPE
derivative (TPECM-2N3) biomarker, which was sensitive to
cathepsin B, was synthesised for the targeted and image-
guided photodynamic ablation of cancer cells.”’! The AIE
molecule was composed of 4 components. The main molecu-
lar building blocks of the biomarker were a peptide substrate
(Gly-Phe-Leu-Gly; GFLG) sensitive to cathepsin B, a fluo-
rescent AIE molecule (TPECM-2Nj3), a hydrophilic linker
containing three Asp (D) units, and an RGD-targeting moiety.
The cathepsin B-mediated cleavage of the GFLG substrate
initiates intensified fluorescence emitting an orange-red light
in the aggregated state.”’! The AIE molecule exhibited a
rapid, steady, and linear (R? = 0.99) increase in fluorescence
(35-fold in 60 min) upon the addition of cathepsin B, indicat-
ing its potential for quantifying the enzyme via measuring the
fluorescent intensity change.

Investigating osteoclastogenesis by monitoring changes in
the acidic microenvironment of bone can provide insights
into osteoclast function. The fact that the osteoclast activ-
ity is higher in osteolysis was the core of a study where a
bone-targeting molecular biomarker (TTQF-SO3) based on
TTQF which is a donor—acceptor—donor-based NIR-II fluo-
rophore (Figure 5A). The addition of functional amino groups
to TTQF developed TTQF-NH,, and the subsequent sul-
fonation in the presence of 1,3-propanesultone led to the
production of TTQF-SO5. With a dendritic molecular struc-
ture, TTQF-SO; exhibited high solubility (100 mg mL~")
in aqueous media, displayed high affinity toward inorganic
calcium salts, showed high optical stability (>14 days in
DMEM), and was able to self-assemble to form ultra-small
dots with 8.7 nm average size with absorption and emis-
sion peaks at 742 and 1064 nm, respectively, indicating a
large stokes shift. This study revealed a significant differ-
ence in the fluorescent properties of TTQF-SO5 (three-fold
higher) for healthy and osteoporotic bone in a mouse model
30 min after injection. Based on the higher accumulation
of TTQF-SO5 in osteoporosis mice which contain osteoclast
precursors, this research suggested the AIEgen to be used
for the monitoring of osteoclast activity and bone resorption
imaging.[”"]
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FIGURE 5 (A) The chemical structure of TTQF-SOs, its fluorescent properties, and its TEM image.[*!! Adapted with permission.[°!! Copyright 2023,

BMC Springer Nature; open access under a Creative Commons Attribution 4.0 International License. (B) Detection of lysophosphatidic acid (LPA) and
the relevant ACQ mechanism.!??] Adapted with permission.!?] Copyright 2022, ACS Publications; open access under a Creative Commons Attribution 4.0

International License.

Lysophosphatidic acid, produced by osteoblasts, is a
bioactive phospholipid that mediates intercellular signalling
between osteoblasts and osteoclasts and induces pleiotropic
effects on osteoclast activity and function.[”?] A recent study
developed a series of lysophosphatidic acid-sensitive fluo-
rescent biomarkers, based on styrylpyridinium dyes, with
aggregation-induced fluorescence quenching (Figure 5B).
These biomarkers were produced by the addition of N-
hydroxysuccinimide, silan, and azide groups to the dye
structure. The focus of this study was to understand the effect
of the molecular structure on the sensitivity and fluorescent
properties, leading to the spectrophotometric characterization
of the biomarkers. With the detection limits of nanomo-
lar and excellent lysophosphatidic acid selectivity—even in
the presence of ions and small molecules such as glycerol,
ATP, sodium nitrate, sodium chloride, etc.—these biomark-
ers, while not directly discussed in the current research, were
suggested to be used to investigate osteoclast activity.!”*]

S | AGGREGATION-INDUCED
EMISSION LUMINOGENS AND
DETECTION OF CLINICALLY RELEVANT
MOLECULAR EFFECTORS

Recent studies have revealed that TNF-a, osteocalcin, and
urinary N-terminal telopeptide are the most clinically rel-
evant molecular effectors indicating implant loosening.
It was reported that the concentrations of these molec-
ular effectors have been significantly lower in stable

compared with loosened implants.[>%*] Different tech-

nological platforms such as electrochemical impedance
spectroscopy, electrochemistry-based biosensors, enzyme-
linked immunosorbent assay (ELISA), DNA aptamers, fibre
optics, single molecule counting have been widely used for
TNF-a detection; however, the relevant measurement tech-
niques are often complicated and include complex design
strategies.[”*°7] Recently, a few studies have shown the capa-
bility of AIE-based biomarkers for TNF-a detection which
holds significant promise for various biomedical applications,
including disease diagnosis, drug screening, and biomarker
profiling.!”®) However, none were employed to directly detect
TNF-a relevant to joint implant failure. The high sensi-
tivity, selectivity, and real-time monitoring capabilities of
AlE-based techniques enable the detection of low concen-
trations of TNF-a in complex biological samples, offering
valuable insights into disease pathogenesis and therapeu-
tic responses. A recent study has used the phenomenon of
aggregation-caused quenching and developed a biomarker
to detect TNF-a. The quenchbody biomarker was based on
6-TAMRA-C2-mal fluorescent dye whose fluorescent proper-
ties were recovered after being exposed to TNF-a molecules
reaching the maximum intensity within 5 min (Figure 6A).
With the limit detection of 0.123 ng mL~! (half-maximum
effective concentration of 25 ng mL‘l), a four-fold increase
in the biomarker intensity was reported for 1 pg mL~!
concentration of TNF-.[”’l Briefly, two antigen-binding
fragments of Adalimumab (Ada), a human monoclonal anti-
body that specifically binds to TNF-a, were prepared and
both were chemically linked to 6-TAMRA-C2-maleimide and
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FIGURE 6 (A) The fluorescent properties of TAMRA-conjugated-Ada antigen fragment AIE biomarkers upon being exposed to TNF-a with different
concentrations.[””] Adapted with permission.!?l Copyright 2021, American Chemical Society; open access licensed under CC-BY-NC-ND-4.0. (B) TEM
images of gold nanocluster system and its fluorescent response to TNF-a with different concentrations.I'°!) Adapted with permission.!'"!! Copyright 2024,

Elsevier.

ATTO520-C2-maleimide molecules. Upon being exposed to
TNF-a both biomarkers exhibited fluorescent properties with
an increasing trend towards higher TNF-a concentrations
(Figure 6A). With a similar approach, four different types
of TAMRA-conjugated quench-bodies with different spacer
lengths were shown to exhibit different fluorescent proper-
ties when were exposed to TNF-a. It was revealed that the
longer spacer length led to a higher de-quenching leading to
an increase of approximately four-fold in fluorescent relative
intensity for all different concentrations of TNF-a ranging
from 1 x 1076 to 1 x 1078 M.I'%°1 A gold nanocluster system
with fluorescent properties was shown to be sensitive enough
to detect TNF-a where the higher concentrations (from 1.25
to 80 ng mL~") resulted in higher fluorescent intensities
(Figure 6B). A positive linear correlation between the con-
centration of TNF-a and fluorescent intensity (correlation
coefficient = 0.975) was also reported for the AIEgen.!'0!]
Only a few studies have used Forster resonance energy
transfer (FRET) phenomena to develop FRET-based DNA
molecules—known as Quenchbodies—for the detection of
osteocalcin.[!9?-194]' A FRET molecule typically consists of
two fluorophores: a donor and an acceptor. The donor flu-
orophore absorbs light at a specific wavelength and then
transfers its energy to the acceptor fluorophore through non-
radiative dipole-dipole coupling. This energy transfer occurs
when the donor and acceptor fluorophores are in proximity
often within several nanometres and results in a decrease in
fluorescence from the donor and an increase in fluorescence
from the acceptor.! 7191 The efficiency of energy transfer
depends on the distance and orientation between the donor
and acceptor fluorophores, making FRET molecules sensi-

tive to molecular conformational changes, protein—protein
interactions, or changes in environmental conditions. Tra-
ditional antibody probes relying on a FRET mechanism,
often suffer from limitations such as spectral overlap and
photobleaching. To address these limitations, researchers
recently introduced quench-based antibody biomarkers that
utilize dye—dye interactions (mainly TAMRA) with enhanced
antigen-dependent fluorescence to develop a series of novel-
type antibody molecules with fluorescent properties called
Ultra Q-bodies. The synthesis of the biomarkers was based on
the incorporation of TARMA-C6-fragment of antigen bind-
ing (Fab) complex into the H chain (Fd, Vy-Cyxl) of Fab
in response to a UAG codon in a cell-free translation sys-
tem. These molecules utilised a quenching mechanism based
on dye-dye interactions, leading to enhanced fluorescence in
the presence of osteocalcin (approximately ten-fold). When
the Ultra Q-bodies bound to osteocalcin, the dye-dye inter-
actions were disrupted, resulting in enhanced fluorescence
emission.!'9?~194] To date there has not been a study for the
detection of urinary N-terminal telopeptide using AIEgens.

6 | AGGREGATION-INDUCED
EMISSION LUMINOGENS AND
POTENTIAL TREATMENT FOR
LOOSENED JOINT IMPLANTS

Osteoporosis occurs when the creation of new bone does
not keep up with the removal of old bone. This imbal-
ance results in bones becoming weak and brittle. Implant
failure and osteoporosis can be interrelated, especially
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in scenarios where implants are used to stabilise bones
weakened by osteoporosis. AlEgens in combination with
microRNA approaches have shown promise in devel-
oping effective strategies that promote bone forma-
tion while inhibiting bone resorption.[**107] A spheri-
cal nucleic acid was synthesized via a self-assembly
process by wusing a pyridyl disulfide-terminated AIE
molecule ((E)—1-(6-((tert-butoxycarbonyl) amino)hexyl)—4-
(2-(9-ethyl-9H-carbazol-2-yl)vinyl)quinolin-1-ium bromide)
as the hydrophobic core coupled with a thiolated-miRNA
as the hydrophilic shell. Additionally, a VH6 aptamer was
co-assembled with the prepared spherical nucleic acid facil-
itating miR-26 bone selective uptake. The integration of an
AIE molecule, a CH6 aptamer and MiRNAs into a single
nanoplatform enabled bone-targeted delivery of miR-26 with
high efficiency and optimizing bone remodelling and heal-
ing while minimising adverse effects in non-skeletal tissues.
By optimising bone anabolic action through targeting glyco-
gen synthase kinase 3 beta in bone marrow mesenchymal
stem cells and cellular communication network 2 in osteo-
clasts, the platform showed an excellent anti-osteoclastogenic
properties. The use of AIE molecule, while facilitating the
self-assembly of the platform, provided opportunities to mon-
itor the relevant cellular uptake and associated lysosomal
escape capacity.[*”] Table 1 presents a summary of AIEgen
biomarkers with potential application for early detection of
joint implants loosening.

The high levels of reactive oxygen species (ROS), rep-
resented by hydrogen peroxide (H,O,), at the implant
site, are relevant to an uncontrolled inflammatory condi-
tion and strongly related to bone loss; hence, an indica-
tion of early implant failure.['!®] Inflammation, ROS, and
implant loosening are interconnected processes where per-
sistent inflammation, driven by pro-inflammatory cytokines
like TNF-a, IL-183, and IL-6, leads to the generation of
ROS by immune cells.[''*"?!] These ROS cause oxida-
tive stress, damaging cellular components and promoting
osteoclast activity, resulting in bone resorption. Key effec-
tors such as MMPs, which degrade extracellular matrix, and
the RANK/RANKL/OPG pathway, which regulates osteo-
clastogenesis, further contribute to the weakening of the
bone-implant interface.['??! This interplay ultimately leads
to implant loosening, exacerbated by both aseptic condi-
tions and infections. While different AIE-based biomarkers
have been developed for the detection of H,O,, they are
unlikely to provide effective information about implant fail-
ure, since only chronic inflammation may lead to bone loss
and implant failure.l'?12447-123] Therefore, these type of
AIE biomarkers were excluded from the current research;
however, their theranostic properties may reduce inflam-
mation while allowing monitoring of the process ensuring
inflammation treatment.[!26:1%7]

7 | FUTURE DIRECTION

The future of AIEgen-based biomarkers for early detection of
bone loss and implant failure holds promise for advancing our
understanding of skeletal health and improving clinical out-
comes through early intervention and personalised treatment
strategies. Continued research and development in this field
are essential for translating AIE-based technologies into prac-

tical tools for improving bone health management. The focus
of future studies should address the current limitations includ-
ing the limited number of AIE biomarkers for the detection
of clinically relevant molecular effectors. Additionally, no
study has yet developed an AIE biomarker to specifically
detect cathepsins secreted from osteoclasts (i.e., cathepsin
K) for implant failure studies. Cathepsin K is predominantly
expressed in osteoclasts and is one of the most important
cathepsins involved in bone resorption. It is responsible for
degrading type I collagen, the main structural protein in bone,
and other matrix proteins within the bone matrix. Cathepsin K
plays a critical role in the formation of the resorption lacuna,
the space created by osteoclasts during bone resorption. An
increase in the concentration of cathepsin K at the implant site
can be attributed to its loosening and the consequent failure.
To further address the current gaps, several strategies can
be proposed. One approach is to synthesize multi-component
probes sensitive to the molecular effectors involved in
osteogenesis and osteoclastogenesis processes. For exam-
ple, the development of multicomponent biomarkers, with
one component sensitive to the cathepsin enzyme, has
been investigated in several recent studies.[ 1081101 However,
the fluorescent molecules generated after cleavage lacked
AIE properties. For instance, a near-infrared fluorescent
biomarker (CyA-P-CyB) containing two cyanine moieties
linked via a cathepsin B-activated peptide (Gly-Phe-Leu-Gly)
was synthesised. CyA and CyB moieties serve as a fluo-
rescent donor and a quencher, respectively. The biomarker
remained non-fluorescent due to efficient Forster resonance
energy transfer from CyA to CyB, while an intense NIR flu-
orescent emission was observed upon the cleavage of the
peptide linker by cathepsin B (Figure 7A). This biomarker
enabled the visualisation of cathepsin B activity and lyso-
some membrane permeabilization in cells.['’®! In another
study, a fluorescent molecule was developed based on a
dipeptide substrate Val-Cit for cathepsin B-specific cleavage
and a D-aminoluciferin moiety for bioluminescence gener-
ation. This study showed that caging the amino group of
D-aminoluciferin by the carboxyl group of citrulline (Cit)
during the synthesis of the molecule resulted in the inacti-
vation of fluorescent properties; however, cathepsin cleav-
age of the Val-Cit substrate from Val-Cit-D-aminoluciferin
produced free D-aminoluciferin inducing bioluminescence
properties (Figure 7B). The associated bioluminescence char-
acteristics were due to the catalysis of firefly luciferase
(fLuc).l'%°l Hemicyanine (HCy), characterised by tuneable
NIR absorption and emission driven by intramolecular charge
transfer, has found extensive application in fluorescence
imaging. HCy was recently used to develop biomarkers to
detect the overexpressing of cathepsin B in vivo. The fluores-
cent molecules contained two peptide sequence components
including HCy and Val-Cit and Gly-Phe-Leu-Gly as the spe-
cific moieties sensitive to cathepsin B. Since the amino group
of HCy was caged by the moieties, the biomarkers exhibited
no fluorescent properties in the absence of cathepsin B. Upon
exposure to cathepsin, the cleavage HCy-Cit-Val and HCy-
Gly-Leu-Phe-Gly that occurred resulted in the release of free
HCy-NH2 with activated fluorescent signals (Figure 7C).[!10]
This strategy can be effectively used to develop highly
efficient cathepsin-sensitive biomarkers if the linking compo-
nents exhibit AIE properties after cleavage.[”! The increased
and more stable fluorescence alongside higher sensitivity and
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TABLE 1 List of biomarkers with potential application in the detection of joint implant loosening and failure.

Biomarkers for osteogenesis

Wl LEY 11 of 16

Probe
PTB-EDTA

Ir-BP2

4,5-dimethoxy-2-nitroacetophenone/siRNA-TPE

4-(hydroxymethyl)—3-nitrobenzoic
acid—OH-PEG4-MAL

Phosphorylated TPE (with varying numbers of
—PO3H, group)

TPE-20H
2’-hydroxychalcone

3-dihydro-1H-xanthene-6-ol (DHX)
Polyethylenimine—benzopyrene

Biomarkers for osteoclastogenesis
TPECM-2Nj3
Val-Cit-D-aminoluciferin

Val-Cit-Hcy-Gly-Phe-Leu-Gly

Rhodamine

Description

A highly soluble anion-conjugated polymer with AIE characteristics and the ability to adhere to
osteogenic-differentiated cells.!7%]

A water-soluble iridium (IIT) complex serving as an AIE-active staining agent for bone matrix
analysis.[70]

Cleavage via exposure to MMP13 leads to generating a strong fluorescence signal.l”"]

An MMP13-sensitive compound to induce and detect osteogenic differentiation.!*°]

Detection of cell mineralization and osteogenic differentiation via monitoring the activity of
alkaline phosphatase.[3!]

Detection of osteogenic differentiation via monitoring the activity of alkaline phosphatase. %!

Triggered by alkaline phosphatase, the emission spectrum of the biomarker shifted from
yellow—green to red.[%

A 66-fold increase in fluorescence intensity upon interaction with Alkaline phosphatase. %3]

Detection of alkaline phosphatase levels (detection limit of 0.1 U mL~") in human serum.[54]

Sensitive to cathepsin B.[70-105]

Detection of cathepsin B through the production of D-aminoluciferin.!!?°]

Upon exposure to cathepsin B, the cleavage HCy-Cit-Val and HCy-Gly-Leu-Phe-Gly occurs
resulting in the release of free HCy-NH2 with activated fluorescent signals.!'0]

The increase in the fluorescent intensity of rhodamine upon exposure to osteoclast acidic secretion
(hydrochloric acid and proteases, such as cathepsin K) enabled the study of osteoclast activity.['!!]

TTQF-SO;

Styrylpyridinium—integrated with
N-hydroxysuccinimide, Silan, and Azide groups

Cys(StBu)-Ala-Ala-Asn-Lys(FMBA)-CBT

resorption.[ 1121141

pH-sensitive biomarkers with bone-binding affinity

BODIPY
of bone resorption.!

Clinically-relevant biomarkers (TNF-« and osteocalcin)*
6-TAMRA-C2-maleimide
Gold nanocluster

FRET-based DNA biomarkers
osteocalcin.[102-104]

*None were employed to directly detect TNF-a relevant to joint implant failure.

*No study was found for the detection of urinary N-terminal telopeptide using AIEgens.

lower detection limit resulting from aggregation makes this
approach suitable for the clinical early diagnosis of osteo-
clastogenesis. The proposed strategy has been employed once
to develop a cathepsin-activatable biomarker for applica-
tions that are irrelevant to osteoclasts.[”’! Further research
is needed to determine whether biomarkers developed using
the proposed strategy can be utilized to monitor cathepsin
enzymes during osteoclastogenesis and for the early detection
of joint implant failure.

Another strategy is to develop AIE biomarkers sensi-
tive to changes in the acidic microenvironment of bone,
enabling the monitoring of osteoclast function. A key aspect
of biomarker design should be their affinity for bone, mak-
ing them suitable for in-situ detection of osteoclast activity
and acid secretion. So far, the AIE community has developed
several pH-sensitive AlEgens, primarily for pH-mediated
tumour imaging and photodynamic therapy. However, their
potential for analysing osteoclast activity has not yet been

To detect TNF-a at a low concentration of 1 ug mL~!.!

To detect TNF-a at the concentration range of 1.25-80 ng mL~!.[

Monitoring of osteoclast activity and bone resorption imaging.'*!!

To monitor and detect the activity and production of lysophosphatidic acid; a bioactive
phospholipid that mediates intercellular signalling between osteoblast and osteoclast.!

92,93]

To detect protease legumain, an endopeptidase that inhibits osteoclast formation and bone

Measuring pH variation associated with osteoclast activity enabling investigation of the mechanism
115-117]

99,100]

101]

To detect osteocalcin with 10-fold enhancement of fluorescent properties in the presence of

explored. Valuable lessons can be drawn from traditional
fluorescent dyes that have been developed using a simi-
lar strategy. For instance, rhodamine spirolactam-based dyes
were developed for the detection of acidic microenviron-
ments enabling the monitoring of osteoclast function. These
probes were developed based on significant enhancement
of the fluorescence response via electron-withdrawing N-
alkyl substituents in the rhodamine. The increase in the
fluorescence intensity of rhodamine upon exposure to osteo-
clast acidic secretions (hydrochloric acid and proteases, such
as cathepsin K) enabled the study of osteoclast activity
(mainly dynamics of osteoclast proton pumps) during bone
resorption (Figure 8A). This study revealed that the accumu-
lation of proton pumps appeared at the bone surface during
acidic osteoclast bone resorption using a mouse model.!'!!]
With a similar approach, several studies have developed
small molecular pH-sensitive AIE biomarkers with bone-
binding affinity through conjugating boron dipyrromethene
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FRET acceptor (CyB) component. The separation between these two components

that occurs via the cleavage of the peptide linker in CyA-P-CyB by cathepsin B, results in the development of two components. The first component CyA has
fluorescent properties, and the second component (Cy-S-Ph-NH,) has a PDT effect with strong phototoxicity to tumour cells.[!%81 Adapted with permission. 8]
Copyright 2017, Elsevier. (B) Schematic illustration of the cleavage of Val-Cit-Al molecule by cathepsin B leading to the formation of oxyaminoluciferin with
bioluminescence “turn-on” characteristics.['%°1 Adapted with permission.l!] Copyright 2019, American Chemical Society. (C) Schematic illustration of the
cleavage of HCy-Cit-Val or HCy-Gly-Leu-Phe-Gly by cathepsin B.['!°] Adapted with permission.[!'°] Copyright 2021, American Chemical Society.

(BODIPY) to bisphosphonate-targeting risedronate ligands
(Figure 8B). With excellent fluorescent properties, the
biomarker enabled the measurement of pH variation associ-
ated with osteoclast activity and investigated the mechanism
of bone resorption in bone tissues.!'>"!7] These studies
demonstrated that AIE biomarkers with high bone-binding
affinities are suitable for analysing the effect of osteo-
clast activities on the surface of the bone, as their strong
bone-binding alendronate fragments limited deep penetra-
tion. Optimising the strength of bonds between the biomarker
and bone was shown to facilitate deep tissue penetration to
explore the effect of osteolysis.

As mentioned previously, aggregation-caused quenching
(ACQ) has been used to develop biomarkers for detect-
ing molecular effectors such as TNF-a. However, this

approach may imply limitations in expanding the applica-
tion of biomarkers specifically for implant failure detection.
To overcome these limitations, employing efficient ACQ-
AIE conversion approaches can synthesize more effective
AlEgens with a broader application spectrum. This strat-
egy may include introducing functional groups onto the
molecule’s backbone, enhancing the molecule’s planarity
and rigidity, and utilizing self-assembly, supramolecular
interactions, and host—guest chemistry.!'?%]

In addition to the abovementioned strategies, future direc-
tions for the use of AIE biomarkers for early detection
of bone loss could involve several innovative approaches
and advancements. Researchers should focus on designing
AIE biomarkers that specifically target biomarkers associated
with bone loss, such as osteocalcin or collagen degradation
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FIGURE 8 (A) Detection of the acidic region in bone using Red-pHocas, a pH-sensitive biomarker with red fluorescence characteristics including two-
photon excitation imaging captured from mouse bone tissue (scale bar = 50 um).l''!! Adapted with permission.l'!!] Copyright 2019, American Chemical

Society. (B) The protonation of the diethylamino nitrogen atom of the BODIPY fluorophore leading to fluorescence activity, including two-photon excitation
imaging captured from the mouse bone tissue (scale bar = 50 um). For both (A) and (B), the excitation wavelength was 940 nm with the blue signals representing
collagen in the bone matrix.[!?] Adapted with permission.[!?! Copyright 2020, John Wiley and Sons.

TABLE 2  The contribution of key molecular effectors to the pathogen-
esis of osteolysis.

Molecular effectors Contribution to osteolysis

RANKL,!?1 IL-1,19° and Inhibiting osteoclast apoptosis

TNF-a 121

TNF-ct,L00] [1-1,[66.130] 39 Increasing RANKL expression
IL-6[131]

TNF-ct,198] and 1L-1,1130] Osteoclastogenesis augmentation
TLR[ 132-134]

TNF-a!!3] Inhibiting procollagen I expression
TNF-o! 1301 Increasing IL-1 and IL-1R

expression
IL-1,113600 -6, 11371 [L-18,[136]  Activating MAPK and NF-xB

and TNF-ql 1301361

IL-6!151 Stimulating TNF-a

NALP3 Activating cathepsin and ROS
inflammasomel !34136-1391

Caspase-1[136:137] Activating pro-IL- 8 and pro-IL-18

MMPs 1,2, 3,9, 10, 121401411 Degradation of periprosthetic ECM

products. These biomarkers would enable highly selective
detection of bone degradation, enhancing the accuracy of
early diagnosis. The detection of the osteolysis process which
leads to implant loosening and failure should be the focus of
new AIE biomarkers development. We have identified a list of
key molecular effectors, including their biological pathways,
that contribute to the osteolysis process (Table 2). The detec-
tion of these molecular effectors, using AIE biomarkers, may
be relevant to the detection of implant loosening via monitor-
ing of RANKL, IL-1, IL-1R and collagen (type I) expression,
TNF-a stimulation, and degradation of periprosthetic extra-
cellular matrix as well as the detection of osteoclast apoptosis
and the activation of cathepsin.

Several studies have integrated AIEgens or traditional dyes
to develop new fluorescent probes for detecting TNF-a and
MMP13.[99:100.79.801 However, none of them have been used
to directly detect molecular effectors originating from osteo-
clastogenesis and osteogenesis that lead to implant failure.

Therefore, exploring the application of existing probes for
the early detection of implant failure is another strategy to
consider. Additionally, the detection of urinary N-terminal
telopeptide using AIEgens has been overlooked. Given the
clinical relevance of this molecular effector, it is important to
focus attention on this area.

Multiplexed AIE biomarker systems could be developed
to detect multiple biomarkers simultaneously, providing a
comprehensive assessment of bone health. By incorporat-
ing multiple AIE probes with distinct emission wavelengths,
researchers could create multiplexed imaging platforms capa-
ble of detecting various indicators of bone loss in a single
assay. This strategy has been utilized to develop advanced
point-of-care biosensing systems using AIEgens and could be
expanded to address joint replacement issues. Advancements
in imaging technologies could enable non-invasive, real-time
monitoring of bone health using AIE probes. Researchers
could explore the development of AIE-based imaging tech-
niques, such as fluorescence lifetime imaging or multispectral
imaging, for in vivo assessment of bone integrity and early
detection of pathological changes. AIE probes could be
integrated into biomaterials or implantable devices for contin-
uous monitoring of bone health. By incorporating AIE probes
into orthopaedic implants or scaffolds, clinicians could mon-
itor bone regeneration processes and detect early signs of
implant failure or bone loss, facilitating timely intervention
and treatment. There is potential for the development of
point-of-care diagnostic devices based on AIE probes for
rapid and cost-effective screening of bone health. Minia-
turised AIE-based diagnostic platforms could be designed for
use in clinical settings or remote locations, enabling early
detection of bone loss and facilitating timely management of
skeletal disorders including bone loss and implant failure.

8 | CONCLUSION

The increasing number of joint replacements for degener-
ative joint disease highlights the urgent need for effective
early detection methods for implant failure. Current clinical
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practices are insufficient for the early identification of
implant issues, and biomarkers for early detection of joint
implant failure have not been fully utilized. Unfortunately,
the development and application of AIEgens for monitoring
and detecting molecular effectors involved in osteogenesis
and osteoclastogenesis processes have been significantly
overlooked. Specifically, there are no AlEgens currently
available for targeting, detecting, and monitoring the activity
of key molecular effectors such as cathepsin K, N-terminal
telopeptide, and osteocalcin. Additionally, a few AlEgens
have recently been developed to detect a limited range of
such molecular effectors (e.g., TNF-a and MMP13), which
do not originate from osteoclastogenesis or osteogenesis.
Consequently, their application for early detection of joint
implant failure remains unexplored. The strategies outlined
in this review are among the many needed to advance the
field and enhance the clinical use of AlEgens in this criti-
cal area. It is important to note that this systematic mapping
review! 4?1 is crucial for identifying gaps in the research liter-
ature and categorizing existing studies, which is central to the
commissioning of further primary research that is currently
lacking.
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