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Contrast agents for optical diagnostics of early osteoarthritis

Yulia M. Alexandrovskaya, Alexander I. Omelchenko, Anatoly B. Shekhter, Emil N. Sobol

Institute of Photon Technologies, Federal Scientific Research Centre “Crystallography and Photonics” of the Russian Academy of Sciences, Moscow,

Russia

Contributions: (I) Conception and design: All authors; (IT) Administrative support: EN Sobol; (IIT) Provision of study materials or patients: All authors;

(IV) Collection and assembly of data: YM Alexandrovskaya, Al Omelchenko; (V) Data analysis and interpretation: All authors; (VI) Manuscript

writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Yulia M. Alexandrovskaya. Institute of Photonic Technologies, Federal Scientific Research Centre “Crystallography and Photonics”

of the Russian Academy of Sciences, 2 Pionerskaya Street, Troitsk, Moscow, 142190, Russia. Email: yu.alexandrovskaya@gmail.com.

Abstract: The work is focused on the recent advances in the development of contrast agents for optical

diagnostics of early osteoarthritis (OA). Optical imaging provides the high spatial resolution and may be

useful for evaluation of submicron degenerative changes of cartilage structure unavailable for diagnosis

by conventional radiography and magnetic resonance tomography (MRT). To increase the contrast and

sensitivity of optical signal the specific absorbing additives are being developed: targeted and non-targeted

fluorescent probes, functionalized metallic and polymeric nanoparticles (NPs). Sometimes the diagnostic

and therapeutic potentials are bringing together in one substance thus providing increased effectiveness

of the early prevention of OA. Also, the theoretical aspects of selective binding mechanisms to the tissue

degenerative sites are briefly concerned.

Keywords: Osteoarthritis (OA); cartilage; joint; optical contrast agents; optical imaging; fluorescent probes;

nanoparticles (NPs); magnetite

Received: 20 January 2018; Accepted: 13 March 2018; Published: 30 March 2018.

doi: 10.21037/20j.2018.03.11

View this article at: http://dx.doi.org/10.21037/a0j.2018.03.11

Introduction

Osteoarthritis (OA) is a joint disease accompanied by
the thickening of articular cartilage and fibrillation of
its surface (1). On molecular level it implies the gradual
loss of glycosaminoglycans (GAGs) with subsequent
destabilization of collagen network, deterioration of tissue
mechanics and joint dysfunction (2). The standard methods
of OA imaging are radiography (3,4), multimodal magnetic
resonance tomography (MRT) (5,6), X-ray based computed
tomography (CT) (3,6) and its high resolution analog
RCT (6,7) (Table 1). The general limitation of the techniques
is the inability to image the early stages of OA, or pre-OA,
characterized by the presence of submicron defects (11)
caused by GAGs depletion and collagen disorientation at
superficial cartilage layer (12) (Figure I). The alternative
imaging approaches include ultrasound (6,13), atomic
force microscopy (11,14), photoacoustic imaging (9) and a
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family of optical visualizing methods (10). Some of the new
developing approaches, such as plasma-based biochemical
test (15), are based on detection of specific blood biomarkers.

Optical coherent tomography (OCT) possesses high
resolution cross-sectional imaging of cartilage up to several
microns (10,16) and gives information about disorders of
surface collagen orientation (10) which makes it prospective
for the diagnostics of the early OA. However, it analyzes
only the upper tissue layers (1-2 mm) and is still more
invasive than MRT because in some cases the OCT tool
is injected into the joint space during arthroscopy or
intravenous (17). Moreover, the penetration depth of the
probing beam and therefore the radius of diagnosis of
OCT usually do not exceed 1-2 mm (16) due to the high
scattering of light in cartilage (18,19).

An option to increase the sensitivity of optical methods
towards evaluation of the early cartilage defects is the
introduction of contrast agents capable to bind selectively
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Table 1 Comparison of the most common imaging methods

Annals of Joint, 2018

Method Probe

Available spatial resolution Preferred target

Radiography X-ray, 10-100 keV, ionizing

Computed X-ray, ionizing, higher dosage

tomography

MRI Radio waves, magnetic and electric field, non-ionizing

Ultrasound Sound waves with frequency >20,000 Hz

Optoacoustics Visible/near infrared low energy laser pulses, non-
ionizing

OCT Ultraviolet, visible or near-infrared low energy light,
non-ionizing

0.1-2.0 mm (8) Bone, cartilage, soft tissues

(contrast radiography)

<100 pm (uCT) (6) Bone, cartilage, soft tissues

(contrast radiography)
10 pm (quantitative and pMRI) (6) Soft tissues, cartilage, bone
0.1 mm (3) Soft tissues, cartilage

Up to 0.1 mm (9) Soft tissues, cartilage

<10 pm (10) Soft tissues, cartilage

Figure 1 Schematic view of articular cartilage zonality according
to collagen orientation: (I) tangential surface zone most affected by

the early defects; (I) transition zone and (IIT) radial zone.

to the altered sites of the tissue surface, e.g., submicron
defects, disordered collagen, charged fragments of
macromolecules, altered cells, reactive oxygen species, etc.
Such molecules may serve as absorbers of probing radiation
or as fluorescent labels emitting light after excitation by
radiation with a certain wavelength. Further, the integration
of sensitive optical diagnostics with targeted therapy of the
early OA seems reasonable when the selected contrast agent
enables to selectively absorb therapeutic laser radiation, or to
deliver the drug directly to the area of damage. The present
study is focused on the recent advances in developing of such
materials for the optical diagnostics and treatment of cartilage.

Near infrared (NIR) fluorescent probes

Laser-activated NIR fluorescent imaging is the non-
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invasive diagnostic procedure allowing for the deeper tissue
penetration due to the lower scattering of red or NIR light
(650-900 nm) in tissues (20) and increased signal-to-noise
ratio due to the lower tissue autofluorescence compared
to the visible spectral range between 400 and 600 nm. A
fluorescent probe usually consists of two parts: fluorescent
dye (chromophore) and specific moiety serving for transport
and proper binding to the area of interest. The working
principle is to excite the dye with radiation of certain
wavelength and to detect fluorescence with the sensitive
camera.

There are several categories of the used probes (Tuble 2):
conventional non-targeted dyes such as indocyanine green
and methylene blue (20), specially designed targeted
probes and so-called “smart” activity based probes with
fluorescence depending on the enzymatic activity (20,26).
Whereas most of the dyes and targeted probes are aimed
at detection of local inflammation which is a reliable sigh
of rheumatoid arthritis (21,22,27,28), some attempts are
made to reveal sighs of early OA that is not accompanied
by inflammation. Thus, the electrostatic interaction of
positively charged fluorophores with anionic proteoglycans
enables to visualize GAGs distribution in the same way
as contrast enhanced CT diagnostics, being, however, the
non-ionizing procedure (23).

Another approach is based on the monitoring of
cartilage metalloprotease (MMP) activity known to enhance
collagen degradation already at early stages of OA: the dual
imaging method was recently presented allowing to reveal
simultaneously the MMP activity along with collagen II
accumulation within the same joint using the respective set
of optical filters (24). Such a combination of two signals
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Table 2 Some examples of NIR fluorescent probes for OA imaging
Wavelength of fl

Type Probe Target a\./e e.ng o. l.Jorescence Source
excitation/emission, nm

Non-targeted Indocyanine green Perivascular accumulation in In range 720-900 (20,21)

inflamed finger joints (human)
Targeted NIR760-mbc94, chemically modified CB, An inflammation biomarker 745/800 (22)

receptor inverse agonist SR144528

cannabinoid receptor type 2

(CB,R) in macrophage cells
(mouse model)

Cy5-DPA-Zn (+5) and Cy7-DPA-Zn (+3), a
positively charged organometallic complexes,
zinc (Il) dipicolylamine modified with Cyanine 5
and Cyanine 7 dyes

Metalloproteases (MMP) fluorescent imaging
agent MMPSense 750 FAST and monoclonal
collagen type Il antibody labeled with
XenoLight 680 CF dye and

Six-amino-acid CQRPPR peptide ApoPep-1
modified with FlammaTM 675 dye

Cartilage glycosaminoglycans
(mouse medial meniscus)

Histone H1 exposed on the
surface of apoptotic and necrotic

[615-655)/[695-770] for Cy5;  (23)
[695-735)/[750-850] for Cy7

MMP and collagen Il of knee joint 745/800 for MMP; 675/720 (24)
cartilage (mouse model)

for XenoLight 680 CF dye

676/704 (25)

cells (mouse medial meniscus)

NIR, near infrared; OA, osteoarthritis.

increases the reliability of determination of degenerated
sites, though it still can only complement, not replace, the
conventional diagnostics. Apoptotic cartilage chondrocytes
also were detected with fluorescent-labeled apoptosis-
targeting peptide-1 binding to histone H1 on the surface of
apoptotic and necrotic cells (25). In mice model the authors
showed that the distribution of apoptotic cells differs for
normal and surgically destabilized cartilage already in
2 weeks after the surgery. Further, the peptide was modified
by coupling with NIR dye into a polyethylene glycol
polymer (29).

Therefore, NIR fluorescent imaging represents a
sensitive, non-ionizing and comparatively rapid diagnostic
tool to reveal early signs of OA. However, there are some
noticeable drawbacks associated with the lack of information
about accumulation and elution rates, selectivity, toxicity
and long-term effects of the modified probes on tissues and
organs. A complex study is needed towards the possibility
of clinical applications. Furthermore, only easily accessible
joint cartilages, e.g., finger or wrist joints, can be effectively
non-invasive diagnosed using the methodology: the light
scattering in covering soft tissues layers still possesses a
limitation for the accurate analysis of the harder-to-reach
areas such as the knee or hip joints.

It is also necessary to clarify some aspects concerning the
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safety of exposure to NIR radiation of the above mentioned
techniques. The NIR radiation dissipates in cartilage
due to the scattering and weak absorption by interstitial
water, while matrix and cell components much less absorb
NIR light (19). The range between 700 and 1,350 nm is
the so-called optical or therapeutic window, where the
light penetrates deeper into biological tissues. Absorbed
NIR radiation transforms to vibrational transitions of the
molecules thus increasing the tissue temperature. The
power of the used diagnostic probes (<<1 W/cm®) and short-
term application usually do not lead to a noticeable increase
in tissue temperature. Thus, no thermal induced alterations
have an opportunity to occur. In comparison to ionizing
X-ray or UV radiation inducing electronic transitions in
molecules and formation of free radicals NIR radiation does
not directly affect the tissue organics. However, there are
described effects caused by repetitive long-term exposure
of NIR light. First of all, they are presented by skin
erythematous or hyperpigmented dermatoses (30). Some
studies noted the NIR-induced upregulation of matrix
metalloproteases and subsequent oxidative stress in tissues
at enormous dosages of irradiation (up to 2,000 mW/cm?®).
The power density of the commercial NIR imaging
devices usually does not exceed 10-15 mW/cm’ (31) which
is comparable to the part of NIR radiation produced
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by natural sunlight [20 mW/cm’ (30)]. Therefore, the
long-term effects of such irradiation are negligible in
comparison to the possible toxicity of the used agents that
has to be investigated in detail in each case.

Nanoparticles (NPs)

NPs have long attracted the interest of researchers as
potential tool for imaging and phototherapy of blood
vessels, lymph nodes, tumors, inflammation or for the
routine treatment monitoring (32,33). In theranostics,
when diagnostic procedure is combined with therapy,
NPs may serve as effective drug carriers or absorbing
additives (for light therapy). Metallic NPs have some
advantages compared to the fluorescent dyes due to the
higher photostability and ability to absorb in the near and
middle infrared spectral ranges where biotissues are more
transparent (19). Yet only a few metallic NPs demonstrate
low toxicity and are approved for clinical practice, such
as iron oxides, e.g., magnetite, maghemite, and their
biopolymer functionalized modifications (34).

Polymeric NPs present another kind of nanomaterials
perspective as contrast enhancers for the optical imaging
of biotissues as they are biocompatible and easily
functionalized (33).

Let us consider the possibilities of using these types of
NPs for early diagnosis of OA.

Metallic NPs

While fluorescent probes are used for selective binding to
target molecules on the surface or in the tissue matrix, NPs
can physically absorb on cartilage surface and diffuse into
matrix. Cartilage is avascular tissue with liquid circulation
through nanosized pores. The average size of the pores
in healthy hyaline-type cartilage is 10-15 nm (35,36).
Interestingly, pore size in healthy hyaline cartilage was
estimated to be around 15 nm by analyzing the size of
impregnated magnetite NPs (35). Subsequent independent
measurements using NaCl thermoporometry revealed
the pores of 11-14 nm (36). Thus, impregnation of NPs
can provide reliable information about the cartilage nano-
size porous structure. When NPs were introduced to
cartilage with laser-induced small defects, imitating the
early OA, the average size of observed impregnated NPs
and their agglomerates increased to 50-100 nm (35) and in
pericellular matrix (around chondrocytes) to 230 nm (37).
So it was assumed that the destruction of the cartilaginous
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tissue occurs primarily in the areas adjacent to cartilage
cells and containing a comparatively high concentration of
proteoglycans (37).

The ability of magnetite NPs to absorb on articular
cartilage defects allowing its optical detection was verified
in routine ex vivo experiment. The fresh joint cartilage of
the cow femoral epiphyseal bone obtained from the local
meat plant in 1 hour after the slaughter was tested as shown
in Figure 24,B. Simulation of traumatic articular cartilage
defects was performed.

The two groups of traumatic defects were carried out.
For the first group damage was applied to a half of the
cartilage depth (0.2-0.3 mm) using a special instrument
shown in the inset (Figure 2). A cotton swab soaked in an
aqueous solution of magnetite NPs obtained as described
in (35) at a concentration of 1.0 mg/mL was applied to the
place of the macrodefect that was not visible with ordinary
illumination. After 15 min of immersion with NPs the swab
was removed and the treated site was washed with saline
(0.9% NaCl) three times.

For the second group microdamages were applied on the
surface of articular cartilage. Firstly, cylindrical cartilage
samples 2 mm in diameter and 1 mm thick were cut from
the bone epiphysis (Figure 2C,D). Microdamages in the
form of scratches of 0.01-0.05 mm in depth were applied
mechanically using a sharp needle. Then drops of the same
solution of magnetite NPs were deposited on the damaged
and intact sample, allow for 15 min to diffuse into the tissue
and washed three times with saline. The samples were
placed on a cover slip and examined with light microscope
with a tenfold increase under the blue light emitting diode.

The one can see form Figure 2 that large defects can be
easily visualized with the use of magnetite NPs dispersion.
On the control sample the damaged area did not differ in
color from the surrounding tissue (Figure 24). Application
of magnetite NPs on the damaged cartilage surface made it
possible to visualize the defect by increasing its contrast in
optical spectral range (Figure 2B). The contrast enhancing
blue light manifestation of small defects with NPs is shown
in Figure 2B,C.

The mechanism of anomalous adhesion of NPs to the
damaged joint surface remains unclear. Nevertheless, the
interaction of NPs with nanoscale cartilage components—
collagen and proteoglycan aggregates can be considered
within the framework of the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory (38,39). According to the theory,
describing colloidal systems, the attractive forces between
two particles depend on the distance between them, and
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Figure 2 Contrasting the post-traumatic defect of articular cartilage with magnetite NPs: (A) intact cow femoral joint; (B) the same joint

containing defect of 0.2 mm in depth impregnated with magnetite NPs; Insert: Steel tool for cartilage injury defect modeling; (C) cartilage

disk (d =2 mm) put in magnetite NPs solution, 0 min of immersion, blue light visualization; (D) the same disk after 20 min of immersion, the

surface defects are manifested.

can change the sign (repulsion) at a distance comparable
to the dimensions of the molecules. The energy of
repulsion acting at small distances depends on the square
zeta potential which increases with depth of the articular
cartilage [according to zonality of the distribution of
proteoglycans and a fixed negative charge (40)]. As a result
of zeta effect of the proteoglycan potential, the stability of
the colloidal solution of NPs is violated and, as a result,
agglomeration occurs near the defect. The electrostatic
interaction of particles almost does not occur on the joint
surface of unaffected cartilage. Therefore, the adhesion of
NPs to the undamaged surface is negligible.

It can be said that a defective structure has an increased
energy (compared to an equilibrium intact structure), and
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the interaction of NPs with a defect reduces its energy, so
the NPs predominantly absorb within the damaged zone.
Taking into account the noticeable thermal effect
of magnetite NPs when cartilage is exposed to laser
irradiation with the wavelength 1,560 nm (41), the ability
of the NPs to adhere on the defects can be combined
with the newly developing technology of laser-assisted
OA healing (42) which is based on the thermomechanical
NIR laser activation of the chondrocytes repair capacity.
The abnormal concentration of absorbing NPs within
submicrodefects enables to obtain the needed thermal
effect locally at the damaged sites avoiding the heating
of surroundings and deeper tissue layers. Moreover, the
interstitial transport of magnetic NPs can be controlled
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with application of the external magnetic field.

Additional functionalization of magnetite NPs will
enable their detection not only by means of MRT, but also
by optical methods. For example, optical visualization was
successfully performed for Rhodamine B labeled magnetite
NPs with the mean size of 150 nm (43) which is close to that
used for the impregnation into early cartilage defects (37).
Multimodal MRT and NIR imaging can be realized when
magnetic iron NPs are combined with gold half-shells (44).
The plasmon resonance band of such multicomponent
particles depends on structure, i.e., gold layering, and
can be tuned within the optical transparency window of
650-900 nm or farther into IR region. Meanwhile magnetic
properties of iron containing particles enable the MRT
tracking of the probe (44). Silver NPs also are considered as
potential contrast agents for tissue imaging due to their size
tuned plasmon resonance wavelength that can be positioned
in NIR region and enable deeper OCT scanning (45).
However, as far as noble metallic NPs are concerned a
question of their cytotoxicity usually arises.

Despite the aforementioned achievements, the clinical
use of NPs for the early diagnosis of OA has a number
of limitations remaining the task of future research.
In preclinical research or combined with laser healing
procedure the NPs solution may be applied directly to the
surface of the opened joint. However, in case of the non-
invasive diagnostics, e.g. OCT, there is the actual problem
of the targeted delivery and accumulation of the NPs within
the joint. Additionally, the quantitative methods of control
of NPs concentration within the tissue should be optimized.

Polymeric NPs

Semiconducting polymeric NPs have a wide range of
potential applications in imaging and therapy of different
tissues (33). In some cases these NPs serve as moiety of
fluorescent probes discussed in previous section designed
for targeted binding to inflammation sites, e.g. for detection
of reactive oxygen species (33). What is more, incorporation
of the selectively reactive substrates directly into the
composition of the NPs allows to visualize the variety
of species, such as hydrogen peroxide H,O,, superoxide
anion (O”), reactive oxygen anions ONOO'™ and CIO™ and
others, or to monitor the interstitial pH level (33). Some
of the modalities are based on chemiluminescent signal
when no external excitation is needed. The dual optical and
MRT modalities are also investigated for the conjugated
polymeric NPs containing polyfluorene-based part for
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optical imaging and nitroxide stable free organic radical for
MRT contrast (46).

Similar to the approaches developing for metallic NPs,
targeted delivery of polymeric NPs is often combined
with therapy aimed at slowing down or eliminating the
symptoms of early OA.

Since cartilage is a dense elastic nano-porous material
the drug diffusion from synovium and external vasculature
to its matrix is difficult. As a consequence, the family of
cartilage targeted nanodrugs is being developed (47).
For example, simultaneous delivery of anti-inflammatory
diclofenac and chondrogenic activator kartogenin with the
use of polymeric oligosaccharide-based nanospheres to
the damaged joint was demonstrated in animal model (48).
The drug release was thermosensitive, achieved by 10 min
application of cryotherapy (5 °C). The fluorescent labelling
of nanospheres allowed to monitor their accumulation
within joint by means of bioluminescence scanning system.

Another strategy of early OA treatment is based on
inhibiting the expression of catabolic proteins using
polymeric NPs as carrier of small-interfering RNA (49).

Though polymeric NPs do not contain heavy metals with
potential high cytotoxicity, their biodistribution, clearance
and long-term effects should be analyzed in detail before
clinical applications.

Summing up, it should be noted that each considered
NP approach has its own advantages and limitations.
Thus, metallic and metallic oxide NPs can be relatively
easily synthesized and functionalized, but they possess
strong agglomeration in aqueous dispersions, which
makes it difficult to obtain their concentrated solutions.
Polymeric NPs are practically free of this drawback,
however, they are usually difficult to produce requiring
multistage organic synthesis with strict control of the
conditions. A great advantage of iron based NPs is that
they are FDA approved for medical use. Iron is involved
in normal human metabolism, therefore its long-term
effect is more likely to be neutral. Additionally, magnetic
properties of iron enable the magnetically controlled
introduction and removal of the particles as well as MRT
monitoring of their transport, meanwhile the magnetic
attraction of the particles enhances their agglomeration.
Semiconducting polymeric NPs are considered to be
biologically inert, although the long-term effects of their
accumulated dosages are still poorly investigated that
complicates their clinical application at least for the next
several years. The targeted delivery of metallic NPs to
early tissue defects is possible due to their anomalous
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adsorption on defects, while polymeric NPs should
have functional groups for selective binding in damaged
areas. In optical diagnostics metallic NPs can increase
the contrast by strong absorption of optical radiation,
whereas polymeric fluorescent NPs work in a different
way—they emit light after appropriate excitation by an
external source. Therefore, different optical schemes of
signal registration are appropriate for the each kind of NPs.

Conclusions

The optical imaging modalities have the potential to
overcome the spatial limitations of conventionally used
diagnostics and reveal the development of OA at the
submicron level when the joint alterations caused by the
disease are not irreversible. The application of contrast
agents, such as fluorescent dyes, functionalized polymeric or
metallic-based NPs can substantially improve the sensitivity
of diagnostics, as well as identify specific symptoms
(or stages) of OA, i.e., submicron defects, inflammation,
enzyme activity, apoptotic cells, GAGs concentration, etc.
The future progress in optical imaging of OA is connected
with the deeper understanding of complex mechanism of
the disease development with the emphasis on processes on
cellular and molecular level.
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