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ARTICLE INFO ABSTRACT

Keywords: Accurate detection of cartilage injuries is critical for their proper treatment because these injuries lack the self-
Hyaluronic acid healing ability and lead to joint dysfunction. However, the low longitudinal T1 relaxivity (r1) and non-specificity
Gadolinium of contrast agents (such as gadolinium(IIl)-diethylenetriamine-pentaacetic acid (Gd-DTPA)) significantly limit
Nanoparticles

the efficiency of clinical magnetic resonance imaging (MRI) applications. To overcome these drawbacks, we
integrated hyaluronic acid (HA) with Gd to synthesize a Gd-DTPA-HA composite, which was subsequently
freeze-dried to produce nanoparticles (NPs). The resultant Gd-HA NPs demonstrated a greater rl value
(12.51 mM~! s71) compared with the bulk Gd-DTPA-HA (8.37 mM~' s~ 1) and clinically used Gd-DTPA
(3.88 mM ! s™1). Moreover, the high affinity of HA to the cartilage allowed these NPs to penetrate deeper
beyond the cartilage surface. As a result, Gd-HA NPs considerably increased the quality of cartilage and lesion
MR images via their intra-articular injection in vivo. Specifically, 2 h after NP administration, the signal-to-noise
ratio at the injured cartilage site was 2.3 times greater than the value measured before the injection. In addition,
Gd-HA NPs exhibited good biosafety properties due to the absence of adverse effects in the blood or on the main
organs. It was also showed that Gd NPs were first metabolized by the kidney and liver and then excreted from the
body with urine. Thus, Gd-HA NPs can potentially serve as an efficient MRI contrast agent for improved de-
tection of cartilage injuries.

Magnetic resonance imaging contrast agents
Cartilage injury

1. Introduction and standardization of MRI sequences in the clinical routine are in-

consistent, and the correlation between the results of radiological and

Articular cartilage is a highly specialized tissue that contains no
blood supplies, nerve tissues, or lymph tissues. Once injured, the car-
tilage cannot self-heal, resulting in joint degeneration and dysfunction.
Thus, accurate assessment of the lesion morphology and degree is
especially crucial for the diagnosis, prognosis, and treatment of carti-
lage injuries. Magnetic resonance imaging (MRI) is the currently pre-
ferred method and the gold standard for the structural evaluation of
cartilage injuries because it allows multiplanar imaging and exhibits
high soft-tissue contrast resolution [1,2]. However, MRI also exhibits a
moderate detection sensitivity (64-70%) of clinically relevant (grades
III and IV) articular cartilage damages [3]. Moreover, the validation
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clinical observations of cartilage injuries is debatable [4-7]. In recent
years, considerable effort was made to improve cartilage MRI through
the development of advanced sequences and approaches. In particular,
the intra-articular administration of contrast agents for delayed MRI is a
promising technology that may help to increase the efficiency of car-
tilage injury detection while avoiding possible systematic errors caused
by intravenous contrast applications [8-10]. By intra-articularly in-
jecting a dilute solution of a contrast agent, cartilage visualization can
be significantly enhanced due to the high contrast between the cartilage
and the injected fluid [11]. However, the clinically used T1 contrast
agents of gadolinium chelates (including Magnevist or gadolinium(III)-
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diethylenetriamine-pentaacetic acid (Gd-DTPA)) exhibit a relatively
small T1 relaxivity (r1) of 3.3-4.3 mM ' s~!, which limits the detec-
tion accuracy of cartilage injuries [12-14]. Moreover, the imaging
qualities of these agents remain very low because of their uniform
medium distribution, and such compounds are rapidly excreted from
the body through the renal system and synovial membrane of the joint
capsule [15,16].

Ideally, MRI probes for cartilage injury detection should specifically
bind to and penetrate the cartilage with a high r1 value. After imaging,
they can be excreted from the body without any adverse effects.
Hyaluronic acid (HA) is an essential component of the extracellular
matrix (ECM) of various human tissues, including skin, connective and
neural tissues, and cartilage matrix [17]. It consists of repetitive units of
p-glucuronic acid and D-N-acetylglucosamine and represents the only
non-sulfated glycosaminoglycan that has the same chemical composi-
tion found in different biological species. In a damaged cartilage layer,
HA can bind to the articular cartilage matrix and fill the damaged
collagen network [18]. The intra-articular injection of HA has been
widely used in clinical applications and proven safe for osteoarthritis
treatment. Furthermore, HA can increase the rl values of contrast
agents and prolong their accumulation in tissues because of its rigid
structure, containing covalent bonds, and longer molecular rotational
correlation time [19,20]. Recently, several HA-conjugated Gd chelates
have been developed to enhance the MRI. For example, Guo et al.
prepared dendronized-HA-tetraazacyclododecane-1,4,7,10-tetraacetic
acid-Gd that exhibits high sensitivity in tumor diagnosis [21]. Another
study showed that Gd-DTPA-HA could improves the quality of MRI of
hepatic metastasis obtained in vivo [22]. Gd-DTPA-HA nanospheres
with a size of approximately 250 nm were also synthesized for the
specific MRI of the lymphatic system [23]. However, to the best of our
knowledge, the use of such MRI probes for cartilage injury detection are
very scarce. It was also assumed in previous studies that nanoparticles
(NPs) can easily penetrate the healthy cartilage ECM while the move-
ment of larger particles is hindered [24-26]. Thus, the described HA-
conjugated Gd probes may not be suitable for cartilage imaging. Al-
though some researchers utilized small size superparamagnetic iron
oxide NPs to enhance the cartilage MRI, they were mostly used for stem
cell labeling or the contrast enhancement of synovial tissues via pha-
gocytosis of circulating NPs by reticuloendothelial cells instead of the
direct detection of the cartilage [27-32]. Hence, MRI probes with op-
timal sizes, high cartilage affinities, and enhanced contrast properties
should be developed for cartilage injury detection.

For this purpose, we synthesized Gd-HA NPs using a facile freeze-
drying method. The resultant NPs had a sphere-like morphology with a
size of approximately 50 nm. The in vitro T1 relaxivity of Gd-HA NPs
was 3.22 and 1.49 times higher than those of clinically used Gd-DTPA
and Gd-DTPA-HA, respectively. We found that Gd-HA NPs could fully
penetrate the cartilage and achieved a significant enhancement of the
MR images of the injured cartilage site, via an intra-articular injection
of these NPs into the knee of a cartilage injury rabbit model (Fig. 1).
Moreover, Gd-HA NPs demonstrated negligible influences in the blood
and liver and kidney functions and were excreted from the body in
urine. Therefore, the synthesized NPs can serve as an efficient and safe
MRI contrast agent for the accurate cartilage injury detection.

2. Experimental section
2.1. Materials

Sodium hyaluronate was purchased from Bloomage Freda Biopharm
Co. Ltd. (Shandon, China). Diethylenetriaminepentaacetic dianhydride
(DTPAA) was obtained from Energy Chemical (Shanghai, China).
Dimethyl sulfoxide (DMSO) was purchased from Sangong Biotech Co.
Ltd. (Shanghai, China). 5-carboxyfluorescein N-succinimidyl ester (5-
FAM) was purchased from Amyjet Scientific (Wuhan, China). DTPA-Gd
(Magnevist, gadopentetate dimeglumine) was acquired from Bayer
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HealthCare Pharmaceuticals (USA). Gadolinium chloride hexahydrate
(GdCl3'6H,0) was obtained from Sigma-Aldrich (USA). All chemicals
were analytical grade reagents and used without further purification.

2.2. Preparation of Gd-HA NPs

First, Gd-DTPA-HA composite was synthesized according to a pre-
viously developed procedure with some modifications [22,23,33].
Briefly, sodium hyaluronate (200 mg, 0.5 mM, MW = 990,000 Da) was
dissolved in 20 mL of double distilled water (dd H,O) and stirred for
30 min. After that, DTPAA (90 mg, 0.25 mM) solution in 600 pL. DMSO
was added to the reaction mixture and stirred for another 2 h. Finally,
GdCl3-6H,0 (105 mg, 0.25 mM) was added to the mixture and stirred
for an additional 1 h to obtain Gd-DTPA-HA composite. After 24 h of
dialysis in dd H,O followed by a standard freeze-drying procedure
[34-36], Gd-HA NPs were produced. In addition, various Gd-DTPA-HA
composites were synthesized using HAs with different molecular
weights (MW 390,000, 740,000, 990,000, and 1410,000 Da) by
following the same protocol.

2.3. Characterization of Gd-HA NPs

Gd-HA NPs were suspended in ethanol and placed onto a carbon-
coated copper grid. Their morphology was observed by high-resolution
transmission electron microscopy (TEM, JEOL 2100, Japan). Gd(III)
contents of Gd-HA NPs were measured by inductively coupled plasma
mass spectrometry (ICP-MS, Agilent 7900, Tokyo, Japan). Fourier
transform infrared (FTIR) spectra of Gd-DPTA, HA, and Gd-DPTA-HA
were recorded by an infrared spectrometer (Nicolet iS5, Thermo Fisher
Scientific, USA). Hydrogen-1 nuclear magnetic resonance (*H-NMR)
analyses were performed using an NMR spectrometer (Bruker Avance
500 MHz equipped with 5 mm BBFO plus smart probe). The hydro-
dynamic diameter and zeta potential of Gd-HA NPs were measured by
using Zetasizer Nano ZS 90 (Malvern Instruments, Malvern, UK). To test
the stability of the prepared NPs, we suspended Gd-HA NPs in simu-
lated body fluid (SBF) and incubated them at 37 °C. At day 0, 1, and 3,
the zeta potential and hydrophilic size measurements were used to
determine the changes in their surface charge and size. The release of
Gd of the NPs in different conditions was performed by immersing the
NPs in dd H,O, PBS, and SBF at 25 °C and 37 °C. At day 1, 3, and 7, the
samples were centrifuged, and the supernatants were tested using
ICP-MS.

2.4. T1 relaxivity measurements in vitro

In vitro T1 relaxivity of the produced NPs was assessed using an MRI
scanner (GE Discovery, 3T, GE Medical System, USA) with an 8-channel
phased-array coil at room temperature of 25 °C. Gd-HA NPs were di-
luted in dd H,O with various Gd(III) concentrations (0.0005-0.06 mM).
Gd-DPTA-HA and clinically used MRI contrast agent Gd-DPTA were
utilized as controls. To obtain T1-weighted images, the following
parameters and sequences were employed: inversion time (TI) = 50,
100, 200, 500, 800, 1200, and 1500 ms; echo time (TE) = 8 ms; re-
petition time (TR) = 5000 ms; matrix dimensions 128 x 256;
bandwidth = =+ 125 kHz; number of excitations = 3; and echo train
length = 8. Plots of 1/relaxation time (1/T1, s~ Y versus GA(IIT) con-
centration were constructed to obtain relaxivity values (r1) as their
slopes. The images were analyzed on a pixel-by-pixel basis by per-
forming a single exponential fit through the Research-T1 mapping
module of a GE AW 4.6 Workstation.

2.5. Cytotoxicity assay

Cytotoxicity of Gd-HA NPs was determined using standard 3-(4,5)-
dimethylthiahiazo (-z-y1)-3,5-diphenytetrazoliumromide (MTT) assay.
Murine fibroblast cells (1.929), human umbilical vein endothelial cells
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Fig. 2. Preparation and Characterization of Gd-HA NPs. (a) Schematic illustration of the fabrication of Gd-HA NPs. Gd-DPTA-HA composite was synthesized and then
freeze-dried to form Gd-HA NPs. (b, ¢) TEM images of the as-prepared Gd-HA NPs. (d) FTIR spectra of Gd-DTPA, Gd-DTPA-HA, and HA.

(HUVEC), murine preosteoblasts (MC3T3-E1), and murine chon-
droprogenitor cells (ATDC5) were seeded in 96-well plates at a density
of 5,000 cells per well and cultured with Dulbecco's modified Eagle's
medium (DMEM, Gibco, USA) containing 10% fetal bovine serum (FBS,
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Gibco, USA) under 5% CO, atmosphere at 37 °C. After 24 h of in-
cubation, the cells were cocultured with Gd-HA NPs at various Gd(III)
concentrations (0, 0.01, 0.02, 0.05, 0.1, 0.2, and 0.4 mM) for additional
24 h. Afterwards, the media were discarded, and 200 pL of MTT
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Fig. 3. In vitro T1-weighted MRI enhancement property of Gd-HA NPs. (a) T1 weighted MR images of Gd-HA NPs (top), Gd-DTPA-HA (middle), and Gd-DTPA
(bottom) with different GA(III) concentrations. Linear plots of the relaxation rate (1/T1) versus the GA(III) concentration constructed for (b) Gd-HA NPs, (c) Gd-DTPA-
HA, and (d) Gd-DTPA. The r1 values of Gd-HA NPs, Gd-DPTA-HA, and Gd-DTPA were 12.51, 8.37, and 3.88 mM s~ 1, respectively. These results indicated that Gd-

HA NPs exhibited strong MRI enhancement properties.

solution (0.05%) was added to the cells, which were incubated for
another 4 h. DMSO was used to dissolve formazan crystals, and optical
densities (OD) were determined at a wavelength of 490 nm using a
microplate reader (Multiskan GO, Thermo Scientific). Each experiment
was performed in triplicate.

2.6. Live/dead cell staining

1929, HUVEC, MC3T3-E1, and ATDC cells were seeded in a 48-well
cell plate and cultured for 24 h. Subsequently, Gd-HA NPs (0.4 mM)
were added to the cells, which were then incubated for additional 24 h.
After removing the supernatant, the cells were washed with PBS twice,
and 200 pL Calcein AM and propidium iodide (BestBio, China) were
added to the cell culture followed by the incubation for another
30 min at room temperature. The cells were visualized under a fluor-
escence microscope (DMI4000, Leica, Germany).

2.7. Hemolysis test

Healthy human blood was diluted with PBS at a ratio of 4:5 by
volume. Gd-HA NPs with various Gd(III) concentrations (0.01, 0.02,
0.05, 0.1, 0.2, and 0.4 mM) were suspended in PBS and incubated at
37 °C for 30 min. PBS and dd H,O were used as the negative and po-
sitive controls, respectively. After incubation, 200 L of diluted blood
was added into each sample and incubated at 37 °C for 1 h. All samples
were centrifuged at 3000 rpm for 5 min, and OD values of the super-
natant were measured at a wavelength of 545 nm using the microplate
reader.
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2.8. Articular cartilage injury model

Animals were purchased from the Chedun experimental animal
breeding farm (Shanghai, China). Testing protocol was approved by the
Institutional Animal Care and Use Committee of Huashan Hospital,
Fudan University. We established an articular cartilage injury model
using the results of previous studies with some modifications [37-39].
New Zealand white rabbits (male, ~3 kg) were operated under general
anesthesia. First, their knees were shaved and sterilized, after which a
medial parapatellar (2-cm) incision was made, and the patella was
dislocated laterally. A cartilage injury (diameter: 5 mm) was made
mechanically with a hollow trephine at the center of the femoral con-
dyle, and the joint capsule, soft tissue, and skin were carefully closed.
All animals received daily injections of 800,000 U of penicillin for 3
days and were allowed free movement post-operatively.

2.9. In vivo MRI detection of cartilage injuries

The established cartilage injury rabbit models (n = 5 per group)
were anesthetized by sevoflurane, and Gd-HA NP aqueous solution
(0.08 mM/kg) was subcutaneously injected into their knees. Gd-DTPA-
HA and clinically used Gd-DPTA with the same concentrations were
utilized as control groups. After that, the knees were imaged by a
Siemens Verio 3T MRI system (Siemens Healthcare AG, Erlangen,
Germany) equipped with a rabbit knee coil. Sagittal three-dimensional
volumetric interpolated breath hold examination sequence (3D VIBE)
with water-excited fat suppression was used for a contrast-enhanced
imaging study with the following parameters: TR 11.3 ms,
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Fig. 4. In vivo MRI detection of cartilage injuries by
c &= Gd-DTPA Gd-HA NPs. (a) T1-weighted MRI images of the knee
i) 3 @l Gd-DTPA-HA of the cartilage-injured rabbit obtained before and
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d 4 Gd-HA NPs could significantly improve the MR
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of slices 60, matrix dimen-
sions = 432 X 512, resolution = 0.23 X 0.23 X 0.8 mm, number of
averages = 2, pixel bandwidth = 268, and acquisition time = 3 min
and 17 s. MR images were captured before and after the intra-articular
injection of the contrast agents at four different time points (0, 1, 2, and
3 h). The signals within the regions of interest (ROIs; ~0.15 cm?) were
detected. The relative MRI contrast enhancement of the signal-to-noise
ratio (SNR) was defined as ASNR = (St/Sm)/(Sto/Smg), where St/Sm
was the signal ratio of ROI to the surrounding muscle in the post-con-
trast MR images, and Sto/Sm, was the signal ratio of ROI to the sur-
rounding muscle in the pre-contrast images. The trend of signal changes
was determined by plotting ASNR versus time. All measurements were
performed on a PACS workstation (Horos version 3.3.6, USA) and
Syngo MR B19 system (Siemens Healthcare AG, Erlangen, Germany).
After MR imaging, the rabbits were sacrificed, and their femoral con-
dyles were collected. The obtained samples were fixed in 4% formalin
solution overnight, decalcified in ethylene diamine tetraacetic acid
solution, embedded in paraffin, and cut into various sections, which
were subjected to hematoxylin and eosin (H&E) staining, safranin O-

ness 0.8 mm, number
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2.10. Cartilage binding ability of Gd-HA NPs in vivo

The rabbits were intra-articularly injected with 5-FAM-labeled Gd-
HA NPs or 5-FAM-labeled Gd-HA-DTPA (0.08 mM/kg). After 2 h post-
injection, the cartilage of the joint was collected and cut into slices,
which were subsequently imaged under a fluorescence microscope
(BX51, Olympus, Japan). 4’,6’-diamidino-2-phenylindole was used for
nucleus staining.

2.11. Biocompatibility and metabolism of NPs in vivo

Kunming mice (male, ~25 g) were purchased from Shanghai
Laboratory Animal Center Co. Ltd. (Shanghai, China) for in vivo bio-
compatibility and biodistribution studies. Mice (n 12) were intra-
articularly injected with Gd-HA NPs (0.08 mM/kg), and their body
temperatures and weights were recorded after 0, 3, 12, and 24 h, and
after 2, 3, 4, 5, 6, and 7 days. At day 1, 3, and 7 post-injection, the mice
in the Gd-HA group (n = 4 at each time interval) were sacrificed, and
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their main organs including hearts, livers, lungs, kidneys, and spleens
were collected and dissolved in aqua regia. The blood, urine, and feces
of these mice were collected as well. Gd contents of the samples were
determined by ICP-MS. In addition, H&E staining was performed to
monitor the histological changes of the main organs. Blood routine tests
were conducted with a Sysmex XT-1800i hematology analyzer (Sysmex
Corporation, Kobe, Japan). Levels of alanine aminotransferase, aspar-
tate aminotransferase, alkaline phosphatase, y-glutamyl transferase,
blood urea nitrogen, and creatinine in the serum were obtained with a
FUJIFILM DRI-Chem 7000i clinical chemistry analyzer (Fujifilm
Corporation, Tokyo, Japan). The mice (n = 4) without injections served
as the normal control (NC) group.

2.12. Statistical analysis

The obtained data were analyzed using SPSS 22.0 software (IBM,
USA). Statistical comparisons were performed via one-way analysis of
variance followed by post-hoc multiple comparison (Turkey's test).
Results of the in vitro and in vivo studies were presented as means =+

standard deviation and means =+ standard error of mean (SEM), re-
spectively. A level of p < 0.05 was defined as statistically significant.

3. Results and discussion
3.1. Preparation and characterization of Gd-HA NPs

Gd-HA NPs were synthesized using the facile method illustrated in
Fig. 2a. First, HA-DTPA was formed from the hydroxy groups of HA and
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Fig. 5. Affinity and histocompatibility of
Gd-HA NPs towards the cartilage. (a)
Fluorescent images of the cartilage obtained
after 2 h of post-injection for the 5-FAM-

w
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n
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-
o
1

labeled Gd-DTPA-HA (top) and Gd-HA NPs
(bottom). Strong fluorescence was observed
throughout the full cartilage thickness in
the Gd-HA NP group. (b) Fluorescent semi-
quantification of 5-FAM in the cartilage
performed after different treatments.
Results of (¢) H&E, (d) safranin O-fast
green, and (e) PAS cartilage staining ob-
tained after the injections of various con-
trast agents. Data were presented as

*%

o
I
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mean * SEM (n 5 per group).
*p < 0.05, **p < 0.01 compared to the
Gd-DTPA-HA group. (For interpretation of
the references to color in this figure legend,
the reader is referred to the Web version of
this article.)

carboxyl groups of DTPAA via a ring-opening reaction. After that, HA-
DPTA was crosslinked by GdCl;6H,O to produce a Gd-DTPA-HA
composite, which subsequently underwent a freeze-drying procedure to
obtain Gd-HA NPs. As shown in Fig. S1 in the Electronic Supplementary
Material (ESM), Gd-DTPA-HA species have irregular shapes with sizes
of several micrometers. After freeze-drying, Gd-HA NPs with sizes of
approximately 50 nm were formed (Fig. 2b and c¢). The dynamic light
scattering (DLS) result showed the hydrophilic size of Gd-HA NPs to be
~70 nm, and the zeta potential value was —19.2 mV (Fig. S2 in the
ESM). The Gd(III) content in these particles, determined by ICP-MS,
was 0.193 mg/g. Thus, 57.7% of GA(III) was chelated into HA-DTPA
considering that the reaction molar ratio between HA-DTPA and Gd(III)
was 1:0.8, which indicated that approximately six DTPA molecules
were embedded into a single HA chain.

The successful conjugation of Gd with HA-DTPA was also confirmed
by FTIR. As illustrated in Fig. 2d, HA characteristic absorption peaks
corresponding to C=0 (amide I) and C-N (amide II) species were ob-
served at 1613 and 1567 cm ™, respectively. The bands at 1409 and
1046 cm ™! were attributed to G-O and N-H stretching vibrations, re-
spectively [40]. The main characteristic absorption peak of Gd-DTPA
was centered at 1633 cm ™ !. Compared to pure Gd-DTPA, Gd-DTPA-HA
exhibited the characteristic peaks of both HA and Gd-DPTA. Moreover,
the main Gd-DTPA peaks centered at 1633 and 1010 cm ™! shifted to
1591 and 1024 cm ™! in the case of Gd-DTPA-HA, respectively, and
their intensities increased because of the increase in the intensities of
the C-N and N-H HA vibrations [23]. '"H-NMR analyses were per-
formed to further confirmed the chelation of HA-DTPA-Gd. The chelate
reaction between Gd(III) and sidechain of DTPAA produced a
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deshielding effect that protons (-CH,-) between carbonyl and tertiary
amine shifted to the lower field (Fig. S3 in the ESM).

Moreover, we tested the stability of Gd-HA NPs by incubating them
in SBF at 37 °C. The DLS results (Fig. S4a in the ESM) showed that the
size of Gd-HA NPs was ~70 nm at day 0 and day 1, following which, the
size slightly increased to ~90 nm at day 3. Moreover, the zeta potential
of the NPs exhibited negligible changes during incubation (Fig. S4b in
the ESM). These results suggested that Gd-HA NPs were stable. The
release of Gd in different solutions was also tested over 7 days (Fig. S5
in the ESM). The results showed that no more than 7% of Gd leaked
from the NPs, suggesting that NPs are safe as contrast agents.

3.2. Invitro MRI relaxivity of Gd-HA NPs

To investigate the potential application of Gd-HA NPs as an MRI
probe, we measured their longitudinal relaxivity value (r1) using the
MRI scanner. As shown in Fig. 3a and Table S1 in the ESM, Gd-HA NPs
and Gd-DTPA-HA exhibited close signal intensities, which increased
with increasing Gd(III) concentrations. However, clinically used Gd-
DTPA demonstrated no apparent signal changes within the experi-
mental concentrations. The signal intensities of NPs and Gd-DTPA-HA
were greater than those of clinical Gd-DTPA at close Gd(III) con-
centrations. Furthermore, the r1 values of Gd-HA NPs and Gd-DTPA-HA
were 12.51 and 8.37 mM ™' s ™!, respectively, whereas that of Gd-DTPA
was 3.88 mM ! s~! (Fig. 3b—-d). These results suggest that the syn-
thesized NPs can detect articular cartilage injuries more accurately than
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the commercial contrast agent. The rotational correlation time and
water exchange rate are the major factors that influence the r1 value of
contrast agents. Slower rotational correlation time and the higher water
exchange rates for the agents, result in the stronger rl values [19].
Because of both hydrophilic and hydrophobic properties, HA molecules
can form a continuous three-dimensional cellular network structure, in
which the water exchange rate increases [41]. Moreover, HA increases
the molecular weight of the Gd chelate, resulting in a slower rotational
correlation time [19]. These features of HA enhance the T1 signal in-
tensity of Gd-DTPA-HA and Gd-HA NPs as compared to that of Gd-
DTPA.

Additionally, the increase in the molecular weight of HA will result
in slower rotational correlation time accompanied by a higher r1 value.
However, the correlation between the r1 value and MW is nonlinear
[19]. Thus, r1 values were determined for the Gd-DTPA-HA composites
produced from HAs with different molecular weights (MW = 390,000,
740,000, 990,000, and 1410,000 Da). All magnitudes exceeded the rl
value obtained for Gd-DTPA. Furthermore, Gd-DTPA-HA synthesized
from HA with a molecular weight of 990,000 Da possessed the highest
rl value (Fig. S6 and Table S1 in the ESM) and, therefore, it was se-
lected as the most suitable HA compound in this study. We also pre-
pared Gd-HA NPs with different sizes (~25 and ~200 nm) and eval-
uated their T1 imaging properties. As presented in Fig. S7 in the ESM,
the r1 values of Gd-HA NPs were similar. Considering the rl1 value of
our prepared NPs and the fact that NPs larger than 96 nm could barely
penetrate the cartilage surface [25], Gd-HA NPs with a size of 50 nm
were chosen for further study.

3.3. In vivo MRI enhancement of cartilage defects by Gd-HA NPs

Gd-HA NPs, Gd-DTPA-HA, and Gd-DTPA were intra-articularly in-
jected into the knee of the cartilage injury rabbit model. After the in-
jection, the knee was imaged with the Siemens Verio 3T MRI system
equipped with a rabbit knee coil. As shown in Fig. 4a and b, the ar-
ticular cartilage (indicated by the red dotted lines) and damaged area
(indicated by the blue dotted lines) were not clearly observed in both
groups before the injections of the contrast agents. After 1 h of the intra-
articular injection of Gd-DTPA, the signal intensity of the whole ar-
ticular cavity increased; however, the lesion image was only slightly
enhanced, and the cartilage contours remained unclear. At 2 and 3 h
post-injection, the signal intensities of the cartilage and injured sites
remained very close. In contrast, 1 h after the injection, many intense
signals were detected at the cartilage and injured site for the Gd-DTPA-
HA and Gd-HA NP groups. Moreover, the MRI signals obtained for the
cartilage and lesion became much stronger at 2 h post-injection. We
also observed that the intensities of MRI signals slightly decreased 3 h
after the injection, indicating that the contrast agents started to get
metabolized, which was in good agreement with the appropriate MRI
time window of 2-3 h established for cartilage assessment [42,43].

In addition, SNR values were determined from the T1-weighted MRI
images of the cartilage and injured site. As expected, the Gd-HA NP
group demonstrated a significantly higher ASNR magnitude at the in-
jured site as compared to that in the Gd-DTPA-HA and Gd-DTPA groups
(Fig. 4c and d). The ASNR values measured for the Gd-DTPA group
fluctuated at approximately 1.3, indicating that the signals generated
by these lesions were affected by the administration of clinically used
Gd-DTPA only slightly. Remarkably, the ASNR of the lesions increased
by a factor of 2.3 at 2 h post-injection of Gd-HA NPs and remained
significantly higher than that in the Gd-DTPA-HA and Gd-DTPA groups
at 3 h post-injection. In addition, NPs also enhanced the obtained car-
tilage images, whereas the ASNR values of the Gd-HA NP group were
very close to those of the Gd-DTPA-HA group (Fig. 4e and f). Hence, the
synthesized Gd-HA NPs were more sensitive to cartilage injuries than
the other two contrast agents and could indeed enhance detection by
MRI.

To identify the reason for the superior MRI enhancement properties
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of Gd-HP NPs, the affinities of the studied contrast agents to the car-
tilage were determined. At 2 h post-injection of the fluorescent 5-FAM-
labeled Gd-DTPA-HA, green fluorescence was only observed on the
cartilage surface (Fig. 5a). In contrast, in the 5-FAM-labeled Gd-HA NP
group, strong fluorescence was detected over the entire cartilage
thickness. Note that fluorescence in the Gd-HA NPs group was observed
even for the cartilage lacuna, suggesting that Gd-HA NPs could pene-
trate the cartilage depth to improve the MR imaging quality. Ad-
ditionally, H&E, safranin O-fast green, and PAS staining procedures
were performed on the cartilage after the injection. As compared to that
in the healthy controls (Fig. S8 in the ESM), the results of H&E and
safranin O-fast green staining showed that the cartilage in both the Gd-
DPTA-HA and Gd-HA NP groups exhibited no damage or inflammation
after the exposure to the contrast agents (Fig. 5¢ and d, and S8 in the
ESM). Meanwhile, the cartilage in these groups turned purplish-red
after PAS staining because of the presence of oligosaccharides of gly-
coproteins or other structural proteins, indicating that Gd-HA NPs did
not exert any adverse effects on the cartilage structure or composition
(Fig. 5e and S8 in the ESM). These results demonstrated that the syn-
thesized NPs could serve as an efficient MRI contrast probe to detect
cartilage injuries in vivo.

3.4. Biosafety and metabolism of Gd-HA NPs

As contrast agents containing Gd(III) chelates for clinical applica-
tions, the majority of MRI agents reach normal tissues after injection.
Their potential metabolic toxicity to normal cells and organs results
from the possibility of chelate dissociation, which produces Gd(III)
species [14,15,44]. Moreover, although the intravenous administration
of Gd-DTPA was found to be secure, the safety of the intra-articular
application of Gd-based contrast agents has not been studied in detail
[15]. Hence, in this work, we determined the biocompatibility of Gd-
HA NPs both in vitro and in vivo.

To evaluate the cytotoxicity of Gd-HA NPs, a standard MTT assay
was performed on L929, HUVEC, MC3T3-E1, and ATDC5 cell lines after
coculturing with NPs for 24 h. As shown in Fig. S9 in the ESM, no
significant cytotoxicity was observed for any of the cell lines even at Gd
(III) concentrations of Gd-HA NPs as high as 0.4 mM. Moreover, the
results of the live/dead staining procedure (Fig. S10 in the ESM)
showed that the cells cocultured with Gd-HA NPs (40 mM) maintained
their typical morphology. Most cells were alive (green fluorescence),
and very few dead cells were detected (red fluorescence), suggesting
that Gd-HA NPs exhibited negligible cytotoxicity toward the normal
cells. In addition, hemolysis with NPs was examined. As shown in Fig.
S11 in the ESM, the supernatants of the NP and PBS (negative control)
groups were transparent, whereas those of the dd H,O (positive control)
group turned red due to the release of hemoglobin from the broken red
blood cells. The results of quantitative analysis revealed that OD values
between the NP and PBS groups were not significantly different, de-
monstrating that Gd-HA NPs were safe for blood components.

Additional studies on the in vivo safety and metabolism of Gd-HA
NPs involved their articular injection into mice. After administering
NPs or normal saline (serving as the NC group), changes in the mouse
body temperature, behavior, and body weight were determined. As
shown in Fig. 6a, the body temperatures of the mice in both groups
exhibited no significant fluctuations over the period from 0 h to 7 days.
In addition, no abnormal changes in the body weight as compared to
those in the NC group were detected (Fig. 6b). The observed steady
increase in body weight indicated that Gd-HA NPs did not induce ad-
verse effects on mouse growth. Moreover, as compared to those in the
NC group, the mice injected with Gd-HA NPs did not show apparent
signs of anorexia, locomotor impairment, dehydration, muscle loss, or
other signs associated with animal toxicity and mortality during 7 days
of observation.

Histological analysis was performed to evaluate possible side effects
of Gd-HA NPs or the influence of their degradation products on normal
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organs (Fig. S12 in the ESM). The main organs of the mice exposed to
Gd-HA NPs exhibited no signs of damage, inflammation, or lesion for-
mation as compared to that observed in the NC group. In addition,
routine blood testing (Fig. 6¢) showed that NPs only slightly influenced
the number of monocytes and lymphocytes that remained within their
normal ranges. Serum biochemistry results (Fig. 6d) indicated the ab-
sence of significant differences between the Gd-HA NP and NC groups
suggesting that NPs should not affect the blood system or liver and
kidney functions.

Generally, the high number and long-term retention of Gd-based
NPs in the body might lead to the development of undesirable diseases
induced by Gd(III) ions [15]. To further evaluate the metabolism of Gd-
HA NPs in vivo, Gd(III) contents in the major organs of the mice were
measured at day 1, 3, and 7 after the articular injection of NPs. As
shown in Fig. 6e, the Gd contents that accumulated in the main mouse
organs were relatively low, whereas these values determined for the
kidneys, livers, and spleens were higher than those obtained for the
other organs. As compared to those in the NC group, much higher Gd
contents were detected in the kidneys and livers suggesting that both
Gd-HA NPs and the products of their degradation were mainly meta-
bolized by these two organs. Moreover, the Gd contents in the kidneys
and livers gradually decreased with time. In particular, the Gd residue
in the kidney was 16.21 ng/g at day 1 and decreased to only 3.21 ng/g
at day 7 post-injection. These results were consistent with metabolism
of the clinical agent, Gd-DTPA [15,45]. While the relatively fast me-
tabolism of Gd-DTPA might impair renal function, the optimal meta-
bolism rate of the synthesized NPs might help to avoid latent side ef-
fects and minimize their potential toxicity towards the normal organs.

Finally, clearance of the produced NPs was studied. As shown in
Fig. 6f, Gd urine contents in the Gd-HA NPs group were significantly
higher than those in the NC group at 1 day post-injection, which con-
firmed that NPs could be excreted from the body with urine. Overall,
we verified that Gd-HA NPs caused no adverse effects and could be
cleared from the mouse body after injection, indicating their safety for
the MR imaging of articular cartilage injuries.

4. Conclusions

In summary, Gd-HA NPs were developed as a novel MRI contrast
agent, which exhibited good biocompatibility and high longitudinal
relaxivity. Owing to their optimal size and high affinity to ECM, Gd-HA
NPs can simultaneously penetrate the inner part of cartilage tissues and
serve as an efficient MR imaging probe for the accurate detection of
cartilage injuries. Moreover, Gd-HA NPs can be cleared by the body
with urine without causing adverse effects on organ functions. Hence,
these NPs can be potentially used in the clinical cartilage injury de-
tection by MRI.
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