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A B S T R A C T

Objective: Osteoarthritis (OA) is a painful degenerative disease of the whole joint structure, including articular
cartilage, synovial fluid, and subchondral bone. Hyaluronic acid (HA), an anionic non-sulfated glycosamino-
glycan, is commonly used for intra-articular (IA) treatment in OA, while bisphosphonates (BPs) are anti-resorptive
drugs that act on the bone. Here, a novel conjugate with a covalent and hydrolysable linker between HA and
alendronate (ALD) was designed as an attractive therapeutic strategy for IA drug delivery.
Design: The HA-ALD derivative was synthesized and tested in comparison with a simple mixture of HA and ALD for
in vitro ALD release, rheological properties, cytotoxicity towards osteoblasts and chondrocytes and in an in vitro
efficacy assay of OA inflammatory model on bovine cartilage explants.
Results: The structure of HA-ALD was elucidated exhibiting no depolymerization and efficient drug incorporation.
The controlled ALD release in vitro was slower compared to the simple mixture of HA and ALD; moreover, the
derivative showed calcium-tuned rheological properties. The absence of cytotoxicity towards osteoblasts and
chondrocytes was shown for up to 7 days, and the viability of chondrocytes was confirmed by fluorescence mi-
croscopy. Finally, a reduction in collagen release and MMP-13 expression was measured in the OA inflammatory
model.
Conclusion: This new HA-ALD derivative opens the door to a new approach for OA treatment, as it combines
viscosupplementation and biological effects of HA with the pharmacological activity of BPs. Prolonged ALD
release increased rheological properties and beneficial effect against cartilage degradation make it a promising IA
therapy for OA.
1. Introduction

Osteoarthritis (OA) is a painful degenerative disease of the whole
joint that leads to chronic pain and disability. In 2013, 242 million
people suffered from OA of the hip and/or the knee worldwide, and the
U.S. economic burden in 2003 was estimated to be approximately $128
billion [1].

OA progression involves all joint structures, including deterioration
of articular cartilage, reduction of synovial fluid properties and remod-
elling of subchondral bone [2,3]. In detail, abnormal subchondral bone
remodelling is characterized by altered architecture and flexibility with
simultaneous hypomineralization of subchondral cancellous bone, scle-
rosis of the subchondral plate, thickening of the calcified cartilage layer
and invasion with blood vessels [4]. These alterations can lead to sensory
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innervation [5], osteophyte development, endochondral ossification and
the formation of microfractures, cysts, and bone marrow lesions. These
changes occur as a result of biochemical crosstalk between subchondral
bone osteoblasts and osteoclasts and articular cartilage chondrocytes [6].

Currently available OA treatments, such as oral non-steroidal drugs or
intra-articular (IA) corticosteroids, target symptoms rather than the
pathogenesis of knee OA [7]. On the other hand, expanding the criteria
for total knee (and/or hip) arthroplasty would amplify the economic
burden of OA while leading to greater failure rates and lower patient
satisfaction. Hence, the search for more non-operative options as well as
for treatments that address the underlying mechanisms of OA continues
[8].

Hyaluronic acid (HA), a physiological component of synovial fluid
and extracellular matrix, is commonly used for IA treatment in OA due to
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its unique viscoelastic and lubricant features. In addition, exogenous HA
stimulates endogenous production, chondrocyte metabolism and the
synthesis of cartilage matrix components with anti-inflammatory effects
[9]. With the aim of expanding its use in several biomedical applications,
a broad range of chemical modifications of this polysaccharide have been
developed [10].

Bisphosphonates (BPs) are FDA-approved anti-resorptive drugs used
to treat osteoporosis because they inhibit the recruitment and maturation
of osteoclast precursors and the activity of mature osteoclasts at the bone
level [11,12]. BPs have also been proposed as a potential
disease-modifying treatment for OA [13] because of their ability to limit
excessive bone remodelling, impede synovitis and block
osteoclast-mediated pain pathways [14,15]. Alendronate (ALD), a
nitrogen-containing BP, showed an in vitro reduction in the expression of
the major metalloproteinases responsible for cartilage degradation,
namely, ADAMTS-5 and MMP-13, while upregulating Col II expression in
chondrocytes [16,17]. In OA animal models, BPs showed promising
[18–20], although contradictory, results [21,22]. Although a recent
meta-analysis of randomized controlled trials showed no effects of oral
BPs on the progression of knee OA in patients with established disease
[6], it is still under debate whether intervention with an anti-resorptive
agent would be beneficial in the early stages [13].

Unfortunately, oral administration of BPs suffers from several limi-
tations, such as poor bioavailability [23], nonspecific bone binding and
multiple side effects [24]. To overcome undesirable side effects at the
systemic level and modulate drug release, IA administration is an
emerging strategy for the local treatment of OA. Despite these advan-
tages, this strategy suffers from an increased risk of joint infections,
discomfort for patients and different mechanisms of drug clearance and
distribution from the synovial fluid [25,26]. However, direct IA admin-
istration of a drug delivery system (DDS) can minimize systemic side
effects while allowing for higher and prolonged bioavailability of ther-
apeutics in the joint environment [27].

In this study, we synthesized a novel chemical conjugate with a co-
valent and hydrolysable linker between ALD and HA, acting as a prodrug
for the DDS strategy via IA administration. The drug release of this
biomaterial was investigated, and the mechanical properties were char-
acterized. We then performed in vitro studies to investigate the biocom-
patibility on chondrocytes and osteoblasts and the efficacy in an ex vivo
cartilage inflammatory model of OA.

2. Materials and methods

2.1. Materials

Hyaluronic acid (HA) sodium salt (HA-Na) and HA tetrabutylammo-
nium salt (HA-TBA) were provided by Fidia Farmaceutici S.p.A. (Abano
Terme, Italy). Ultrapure water (UPW) was generated using a water
treatment apparatus from Sartorius (Italy). ALD was purchased from TCI
EUROPE N.V. (Belgium), and all other reagents were supplied by Sigma
(Italy) unless specified and used without further purification.

2.2. Synthesis and characterization of hyaluronic acid-alendronate
conjugate (HA-ALD 4)

HA-ALD 4 was prepared by mixing a solution of alendronate tetra-
butylammonium salt (ALD-TBA 1) and HA-TBA in the presence of 2-
chloroethyl 1H-imidazole-1-carboxylate 2, hereafter also called the
“linker”, in anhydrous DMSO. The synthesis and characterization of 1 and
2 are reported in the Supplementary Material.

To prepare HA-ALD, ALD-TBA (0.79 g; 1.61 mmol) was treated with a
solution of 2 (0.34 g; 1.97 mmol) in anhydrous DMSO (20 mL) at 40 �C
for 18 h under vigorous stirring. Then, the reaction mixture was added to
a solution of HA-TBA (MW 500 kDa, 1.00 g; 1.61 mmol) in anhydrous
DMSO (80mL) and stirred at 40 �C for 48 h. The product was precipitated
by slowly adding a saturated solution of sodium bromide (2 mL) and
2

ethanol (500 mL). Finally, the product was recovered by filtration, sol-
vated in UPW (500 mL), purified by means of an ultrafiltration cassette
(Spectra/Por®, MWCO 20 kDa) against UPW at pH¼ 6 for 6 h and freeze-
dried, affording the product as a white fluffy sponge (603mg, yield 90%).
The chemical characterization of HA-ALD is reported in paragraph 3.1
and in the Supplementary Material.

2.3. HA-ALD characterization

1H and 31P NMR spectra were acquired at 20 mg/mL in D2O (Bruker
Avance operating at 400 MHz, Bruker Italia, Italy). DSmol (molar degree
of substitution; ALD with respect to HA repeating unit) was calculated by
HPLC analysis. Briefly, HA-ALD was digested in strongly acidic condi-
tions (HCl 6.0 M at 165 �C for 6 h); after neutralization, a previously
reported protocol [28] was adapted to derivatize ALD using FMOC-Cl.
Quantification was performed against ALD standard solution,
comparing absorbances at 266 nm (see SI for details).

2.4. In vitro ALD release assay

HA-ALD samples were dissolved in TRIS buffer (100 mM, pH ¼ 7) at
20 mg/mL at room temperature for 1 h. The mixture of HA and ALD was
prepared with 500 kDa HA at 18.2 mg/mL and ALD at 1.8 mg/mL.
Samples were placed in a dialysis membrane (MWCO20 kDa, SpectraPor,
Fisher Scientific Italia, Italy) in 10mL of TRIS buffer (100 mM, pH¼ 7) at
37 �C. Aliquots of 500 μL were taken at each time point for quantification
of ALD in solution at each time point by analysing phosphorous content
via ICP-OES analysis (PerkinElmer, Italy) at 213.5 nm (phosphorous
specific wavelength), and the volume was replaced with fresh buffer.
Samples were tested in triplicate.

2.5. Rheological measurements

Samples were prepared by dissolving HA-ALD (DSmol 16% mol/mol,
8.8% w/w) in TRIS buffer (20 mg/mL, 20 mM, pH ¼ 7) at room tem-
perature for 1 h. The mixture of HA and ALD was prepared with 500 kDa
HA-Na at 20 mg/mL and ALD at 1.8 mg/mL. Viscoelastic moduli were
recorded before and after the addition of a CaCl2 solution (final con-
centration 20 mM) with an MCR92 rheometer (Anton Paar GmbH, Graz,
Austria) at 20 �C. The G0 (storage or elastic modulus) and G00 (loss or
viscous modulus) were measured from 0.1 to 100 rad/s at a fixed strain
value of 10% (an initial strain sweep with an oscillatory shear strain of
increasing amplitude (γ) and a constant frequency of 1 Hzwere applied to
determine the region of linear response of the sample; for example, at
10%, the viscoelastic range was linear). In a typical experiment, 1.2 mL of
solution or hydrogel was placed between the plates at a distance of 0.102
mm using a 1� 50 mm cone. All samples were freshly prepared before the
measurements were taken.

2.6. Cell isolation and culture

Bovine articular chondrocytes were isolated from the femoral con-
dyles and the patellofemoral groove of skeletally mature bovine stifles.
Cartilage was manually minced and incubated for 1 h in DMEM/F-12
medium (Life Technologies, Italy) containing 100 U/mL penicillin/
streptomycin (Gibco, Italy), 2.5 μg/mL amphotericin B (Gibco, Italy) and
0.4% (w/v) pronase (Sigma Aldrich, Italy) at 37 �C, followed by over-
night digestion at 37 �C in DMEM/F-12 containing 0.1% (w/v) collage-
nase type II (Gibco, Italy), 2% FBS (v/v), amphotericin B and penicillin/
streptomycin.

Undigested cartilage was removed using a 70 μm cell strainer (BD
Falcon, Italy) followed by a wash step in PBS 1X (Euroclone, Italy). The
isolated chondrocytes were counted, plated and incubated under stan-
dard culture conditions in DMEM/F-12 supplemented with 10% FBS, 100
U/mL penicillin/streptomycin and 50 μg/mL L-ascorbic acid (Sigma
Aldrich, Italy). The medium was changed every 3 days. Cells were used
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for experiments at passage 1.
Human osteoblast (Saos-2, ATCC HTB-85) cells were maintained in

McCoy’s 5A (Life Technologies, Italy) containing 10% FBS in a humidi-
fied incubator at 37 �C and 5% CO2.

2.7. Preparation of bovine cartilage biopsies

Articular cartilage was manually isolated using a scalpel from the
femoral condyles and the patellofemoral groove of bovine stifles, ob-
tained from a local butchery 1–2 days after killing. Cartilage biopsies
were aseptically obtained using a Ø ¼ 4 mm biopsy steel punch (Kay
Medical, Italy). The isolated explants, weighing approximately 10–20
mg, were transferred to a 48-well plate and washed twice with 1X PBS
containing 100 U/mL penicillin/streptomycin and 2.5 μg/mL ampho-
tericin B and maintained in 500 μL of DMEM/F-12 supplemented with
2% FBS, penicillin/streptomycin and amphotericin B.

2.8. Cytotoxicity assay

The biocompatibility of the tested compounds was evaluated by
means of a quantitative analysis according to the ISO 10993–5:2012
International Standard. For cell viability assays, Saos-2 osteoblasts and
primary bovine chondrocytes were plated at a density of 1� 104 cells per
well in 96-well plates (Corning, USA). After 24 h of incubation under
standard conditions, the cells were washed with PBS 1X (Life Technol-
ogies, Italy), and solutions of ALD and HA-ALD were added to reach a
final conc. of 3, 6, 12, 25, 50 and 100 μM (four replicates were tested for
each condition). The cells were incubated for 24 h, 3 days and 7 days, and
the medium was then aspirated. The cells were washed again with 1X
PBS, and 100 μL of complete medium containing 10% Alamar Blue (Life
Technologies, Italy) was added. The cells were subsequently incubated
for 4 h under standard culture conditions, and finally, the fluorescence
was measured using a microplate reader (Nanoquant Infinite M200 Pro,
Tecan Group Ltd, Switzerland) at an excitation wavelength of 530 nm
and an emission wavelength of 590 nm. Samples were tested in four
replicates. Values of IC50, the concentration of sample required to inhibit
cell growth by 50% in comparison with the growth of a cell control, were
analysed using Origin 8.5.1 software (Origin Lab Corporation, USA) with
a non-linear sigmoidal fit.

2.9. Cell viability analysis

The viability of bovine articular chondrocytes was analysed using a
Live & Dead viability/cytotoxicity kit (Thermo Fisher Scientific Inc.,
USA). Chondrocytes were plated at a density of 1 � 104 cells per well in
flat black 96-well plates (Sarstedt, Germany). After 24 h of incubation
under standard conditions (37 �C, 5% CO2), the cells were washed with
PBS 1X (Life Technologies, Italy), and the ALD, HA þ ALD mixture and
HA-ALD solutions at six different dilutions (ALD final concentration: 100
μM, 50 μM, 25 μM, 12 μM, 6 μM, 3 μM) were added to the wells (three
replicates were tested for each condition). Chondrocytes in DMEM/F-12
þ 10% FBSwere used as live controls, whereas chondrocytes treated with
70% methanol for 30 min were used as dead controls. The cells were
incubated for 24 h, 3 days and 7 days, and then the medium was aspi-
rated. The cells were washed with PBS 1X, and 100 μL of a 2 μM calcein-
AM and 4 μM EthD-I solution in DMEM/F-12 w/o FBS was added. The
plate was incubated for 20 min in the dark, and images were taken using
an inverted fluorescence microscope (DMI8, Leica Microsystems, Ger-
many). Samples were tested in three replicates. Live and dead cells were
counted for each sample per condition, and finally, the mean number of
viable cells per condition was normalized to the viability of untreated
cells (control), which was set to 100%.
3

2.10. Collagen release assay and MMP-13 expression in an ex vivo bovine
cartilage model

The cartilage inflammatory model has been adapted according to the
protocol reported in the literature [29]. To induce a pro-inflammatory
condition, the cytokines oncostatin M (OSM) (OriGene, Italy) and
interleukin 1β (IL-1β) (Life Technologies, Italy) at 10 ng/mL were added
to the explants. Biopsies were treated with solutions of HA, ALD, HA þ
ALD mixture or HA-ALD 4 to assess their ability to reduce the inflam-
matory effects of OSM and IL-1β. The final tested concentration was set to
0.5 mM in ALD (0.13mg/mL for free ALD; 1.3 mg/mL for HA; 1.2 mg/mL
for HA and 0.11 mg/mL for ALD in the HAþ ALDmixture; 1.3 mg/mL for
HA-ALD 4); three biopsies were tested for each condition. The culture
period lasted for 21 days, and the culture medium was changed weekly.
After 3 weeks, soluble collagen and MMP13 concentrations were deter-
mined in the supernatants by means of the Sircol collagen assay kit
(Biocolor, UK) and Bovine Collagenase 3 ELISA kit (MyBioSource Inc.,
USA), respectively.
2.11. Statistical analysis

Data from collagen release and MMP-13 assays were first investigated
with Grubbs’ test for outlier identification and then with one-way
ANOVA with Tukey’s post hoc test, using GraphPad Prism 8.0 software
(GraphPad Software, USA).

3. Results and discussion

3.1. Two-step one-pot reaction to synthesize HA-ALD conjugate

Several strategies have been explored for the development of BP
conjugates for bone targeting and drug delivery. Different classes of
polymers and types of linkers have been used and previously reviewed
[30]. In particular, Ossipov and co-workers developed and extensively
investigated an HA-based injectable hydrogel system with BPs covalently
linked to the matrix for osteoporosis treatment [31–33]. The most used
strategy to covalently link the BP moiety to the HA scaffold presents
hydrazide or amide groups via EDC chemistry. In contrast, we designed a
novel HA-ALD derivative with the presence of two cleavable bonds under
physiological conditions, an ester and a carbamate moiety, to allow the
release of BP from the macromolecular backbone. We developed a
hydrolysable linker because biodegradability is a major concern in the
choice of drug delivery vehicles for successful IA treatment [25]. More-
over, the derivative was designed to release HA, ALD and ethylene glycol
[34].

Briefly, ALD was conjugated to a 500 kDa HA backbone via a two-step
one-pot reaction [35]. The first step involves a carbamoylation reaction
between the primary amine of ALD and 2-chloroethyl 1H-imidazole-1--
carboxylate 2 from a modified protocol reported by Liu et al. [36]. The
formation of ALD-linker 3was followed by LC-MS and confirmed via NMR
analysis (Fig. S4, Supporting Material). The second step consists of the
esterification of the HA carboxylic group through a nucleophilic substi-
tution of the alkyl halide (Fig. 1A) [10].

After purification, the chemical structure of HA-ALD 4 was investi-
gated through NMR analysis (Fig. 1B). Methylene protons of the ALD
chain were detected at 2.9 ppm and at 1.7 ppm, which partially over-
lapped with acetamide protons of HA [37]. Methylene protons of the
spacer between ALD and HA were found to be weakly detectable at 3.5
ppm and 3.9 ppm because of the overlap with the proton signals of the
HA backbone; their presence was further confirmed by 1H,1H-COSY
correlations and 1H,13C-HMQC short-range correlations (Figs. S10 and
S11, Supporting Material). Moreover, a distinctive phosphorus peak at



Fig. 1. Synthesis and NMR characterization of HA-ALD. (A) Overall reaction scheme. (B) 1H NMR spectrum of HA-ALD 4 in D2O; diagnostic signals from spacer
and alendronate are denoted by green and red arrows, respectively. (C) Superimposition of 31P NMR spectra in D2O for HA-ALD (cyan) and free ALD (dark red).

S. Pluda et al. Osteoarthritis and Cartilage Open 3 (2021) 100159
18.8 ppm was observed in 31P NMR spectra (Fig. 1C), in accordance with
the value reported by Kootala et al. for an HA-BP derivative [30]. It is
possible to appreciate a slight shift of 0.5 ppm from the phosphorous
signals of HA-ALD and the unbound ALD, confirming that the linkage
does not involve the phosphonate moieties [36].

The molar degree of substitution (DSmol; ALD with respect to the HA
repeating unit) was calculated by HPLC analysis on the dialysed sample
and was equal to 16% mol/mol (Fig. S13, supporting material). Finally,
no effect on the molecular weight reduction of the final product
compared to the native polymer was observed by SEC analysis (Fig. S12,
Supporting Material).

3.2. ALD release profile: reversible linkage

Small molecular drugs introduced into the IA space could easily and
quickly be removed by blood vessels and lymphatics in a few hours [38];
instead, HA has a half-life of one day [39]. Ideal IA drug delivery plat-
forms should offer controlled release of the therapeutic agent with
extended bioavailability and joint retention [40].

The ability of the macromolecular backbone to release ALD under
physiological conditions was assessed in vitro (Fig. 2). In human SF,
proteins with MW > 160 kDa are totally absent [41]; subsequently, the
Fig. 2. ALD release profile in 20 mM TRIS buffer, pH¼7, at 37 �C. For each
series, samples were prepared and measured in triplicate; data reported in the
plot correspond to the mean � SD.
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cut-off of a healthy synovial membrane is lower than 160 kDa. Samples of
the conjugate HA-ALD and the physical mixture HA þ ALD were placed
in a 20 kDa dialysis and total released phosphorous was measured in the
reservoir at different time points. Less than 30% of the total bound ALD
was released from the conjugate within 10 days, while the mixture
released almost 80% of the bisphosphonate content at the same time. The
release profile of the drug in solution by HA-ALD confirmed the revers-
ibility of the linkage and the potential application of the macromolecular
DDS.

3.3. Calcium ions modulate the viscoelastic properties

It is fundamental to investigate the rheological properties of HA
hydrogels during the development of IA DDS and viscosupplements [3,
Fig. 3. Rheological characterization of HA-ALD 4 and a mixture of HA and
ALD. (A) Viscoelastic moduli of HA-ALD 4 and a mixture of HA and ALD in 100
mM TRIS buffer, pH ¼ 7. (B) Viscoelastic moduli in 100 mM TRIS buffer, pH ¼
7, 20 mM CaCl2.



Fig. 4. Schematic representation of physical crosslinking in the presence of calcium ions. The addition of calcium ions to HA-ALD 4 solution leads to the
formation of a hydrogel. The same does not occur with the physical mixture of HA and ALD.
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42] because high shear forces are applied while being extruded through
the needle and at the level of the joints. HA has a relatively short half-life
(1–2 days in the tissue), and the use of unmodified HA is limited by a high
degradation rate, poor mechanical properties, and rapid clearance [40].
For this reason, HA crosslinking is a common strategy to form mechan-
ically and chemically improved hydrogels while retaining their
biocompatibility and increasing their retention time in the joint space.

It is well known that BPs have a strong affinity for calcium and other
divalent metals [30]. In a previous work, Nejadnik et al. [43] showed that
a hydrogel of polymer-grafted BP reversibly bonded calcium ions. In this
study, the viscoelastic modulus of the HA-ALD derivative was
Fig. 5. Biological in vitro tests. Cytotoxicity on (A) primary bovine chondrocytes (PB
MMP-13 expression from bovine cartilage biopsies with no treatment, exposed to IL-1
mixture or HA-ALD 4.

5

investigated and compared with the physical mixture of the two com-
ponents, HA and free ALD. In the absence of calcium ions, the derivative
showed elastic and viscous moduli comparable with those of the physical
mixture (Fig. 3A). In the presence of calcium, the elastic and viscous
moduli of HA-ALD increased, yielding a compact hydrogel in less than 30
s. This increment in viscoelastic moduli of two orders of magnitude at
low frequencies (Fig. 3B) was afforded by the ionic crosslinking between
the ALD moieties of different polymer chains, founding an intra- and
intermolecular network (Fig. 4), with no appreciable effect on the poly-
anionic chains of HA and free ALD.

Notably, strong calcium binding may also interfere with the
C) and on (B) Saos-2 osteoblasts, with #: >100 μM. (C) Collagen release and (D)
β/OSM (10 ng/mL) without any treatment, or treated with HA, ALD, HA þ ALD



Fig. 6. Live/Dead assay. (A) Primary bovine chondrocytes (PBCs) stained with calcein-AM (2 μM) and ethidium homodimer-1 (4 μM) after seven days of incubation
with six dilutions (100 μM, 50 μM, 25 μM, 12 μM, 6 μM, 3 μM) of ALD, HA þ ALD mixture and HA-ALD solution. Magnification: 40 X. (B) Chondrocyte viability
expressed as the percentage of viable cells for each tested condition normalized to the control, set at 100%.
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formation of calcium phosphate crystals involved in OA pathogenesis
[44] and with the increase in the calcium phosphate complex, which is a
potential catabolic mediator in the subchondral milieu and supports the
pathogenic role of subchondral bone in the early stages of cartilage
degeneration [16].
6

3.4. Cytotoxicity assay

The HA-ALD derivative, once injected in the joint, would be in contact
with several cell types in cartilage, synovium and bone. As a first step to
guarantee the safety of this derivative, the cytotoxicity was evaluated on
primary bovine chondrocytes (PBCs) and on Saos-2 osteoblasts in
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comparison to free ALD (Fig. 5A and B). According to the literature, a
decrease in cell viability and proliferation was shown at 72 h with high
concentrations (�10 μM) of alendronate or, more generally, bisphosph-
onates on osteoblasts [45] and on chondrocytes in vitro [46]. No cyto-
toxicity was shown for either free alendronate or HA-ALD 16% mol/mol
after one day. However, alendronate was shown to be cytotoxic to both
chondrocytes and osteoblasts after 3 days, with an IC50 of 63.5 μM on
bovine chondrocytes (Figs. 5A) and 41.7 μM on Saos-2 cells (Fig. 5B). As
expected, the cytotoxicity of ALD in the mixture further increased after 7
days of incubation. In contrast, no cytotoxicity was observed for the test
compound HA-ALD at any of the considered timepoints, likely due to the
slow ALD release over time.

3.5. Viability assay

To further assess cell viability, a Live & Dead assay was performed on
primary bovine chondrocytes at three time points. No decrease in the
percentages of viable cells was shown for all dilutions of the tested
compounds after 1 and 3 days (see SI). At 7 days, the highest ALD con-
centration (100 μM) showed a cytotoxic effect according to the Alamar
blue assay, whereas the HA þ ALD mixture at 100 and 50 μM concen-
trations exhibited a reduction in vitality compared to the control (Fig. 5,
see SI for details). The HA-ALD compound showed the same results as the
control for all tested conditions (Fig. 5). This trend is better displayed in
Fig. 6, where the graphs show the percentages of viable cells counted for
each dilution normalized to the control, whose cell viability was set at
100%. Finally, no signal was detected in the red channel for all tested
solutions because the dead cells detached from the bottom of the well and
were washed away after the assay washing steps.

3.6. In vitro efficacy assay in an OA inflammatory model

In OA, collagen and GAGs are lost during cartilage degradation, an
effect exerted by several metalloproteinases, such as MMP-13 [47].
Additionally, collagen biosynthesis is a slow process [48]; thus, preser-
ving collagen from cleavage should be a key target in OA management.
The efficacy of the hyaluronan derivative was tested using an inflam-
matory model on bovine cartilage explants. Untreated bovine cartilage
biopsies were used as controls; experimental groups included biopsies
exposed to inflammatory cytokines (IL-1β and OSM) with or without
treatment with HA, ALD, HA þ ALD mixture or HA-ALD 4 for 3 weeks
(Fig. 5C). A significant increase in soluble collagen release was detected
in pro-inflammatory conditions compared to the untreated control, likely
due to the induction of cartilage degradation enzymes. All the treat-
ments, except for HA, led to a significant reduction of collagen release
compared to the positive control, showing a beneficial effect against
cartilage degradation through the reduction of collagen catabolism in the
ex vivo model. These results correlated with the reduced expression of
MMP-13 (Fig. 5D), in accordance with the previously reported effect of
ALD treatment after IL-1β stimulation in vitro [16]. In these experiments,
HA-ALD showed positive effects by reducing collagen release and
MMP-13 expression under inflammatory conditions. Although these re-
sults showed no superior effect of the conjugate compared to the mixture,
it is important to note that this inflammatory model tested a prolonged
treatment in stationary conditions. This may limit the release effect of a
macromolecular DDS. Furthermore, small molecules present a faster
clearance rate compared to the macromolecular conjugates in the joint.

For these reasons, future in vivo studies will be focused on the effect
and residence time of HA-ALD conjugate 4 to elucidate the potential of
the macromolecular DDS for IA treatment of OA.

4. Conclusions

In this study, HA was functionalized with BP moieties to obtain a
biocompatible and biodegradable drug-polymer derivative. Alendronate-
conjugated hyaluronic acid was developed for the intra-articular
7

treatment of OA, representing, to the best of our knowledge, the first
macromolecular DDS with these two components. The synthesized HA-
ALD adduct opens the door to a new approach for OA treatment, as it
combines viscosupplementation and biological effects due to the pres-
ence of HAwith the pharmacological activity of BPs. The obtained results
suggest that HA-ALD could be beneficial in both cartilage degradation
and restoration of subchondral bone function, as previously reported in
the literature for HA and ALD. Finally, local administration and
controlled BP release would likely overcome the drawbacks of ALD oral
administration, such as nonspecificity and long-term toxic side effects.
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