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Bisphosphonate-Functionalized Hyaluronic Acid Show Selective 

Affinity For Osteoclasts As A Potential Treatment For 

Osteoporosis  

Suj it  Kootala ,  M S 1  Dmi tr i  Oss ipov,  P hd 1 ,  Jero en  J JP  van d en  B eu cken ,  Phd 2 ,  

Sander  Leeuwenburgh,  Phd 2 ,  Jöns  Hi lborn ,  Phd 1  
 

Current treatments for osteoporosis involve administration of high doses of bisphosphonates (BPs) over a number of 

years. However, the efficiency of absorption of these drugs and specificity towards target osteoclastic cells is still 

suboptimal. In this study, we have exploited the natural affinity of high- (H) and low- (L) molecular-weight hyaluronic acid 

(HA) towards cluster of differentiation 44 (CD44) receptors on osteoclasts to use it as a biodegradable targeting vehicle. 

We covalently bound BP to functionalised HA (HA-BP) and found that HA-BP conjugates were highly specific to osteoclastic 

cells and reduced mature osteoclast numbers significantly more than free BP. To study the uptake of HA-BP, we 

fluorescently derivatised the polymer-drug with fluorescein B isothiocyanate (FITC) and found that L-HA-BP could 

seamlessly enter osteoclastic cells. Alternatively, we tested polyvinyl alcohol (PVA) as a synthetic polymer delivery vehicle 

using similar chemistry to link BP and found that osteoclast numbers did not reduce in the same way. These findings could 

pave the way for biodegradable polymers to be used as vehicles for targeted delivery of anti-osteoporotic drugs
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A. Introduction 9 

Osteoporosis involves major physiological changes in bone, 10 
rendering it porous and brittle. As such, osteoporosis is a major 11 
health concern in developed countries and affects 20% of males and 12 
30% of females worldwide, particularly at the postmenopausal 13 
age.(1, 2) Approximately 9 million fractures occur each year 14 
worldwide on account of osteoporosis and 30% of these occur in 15 
the EU.(3) It is projected that by 2025, in the US alone, the 16 
economic burden of treating osteoporosis-related fractures will 17 
exceed $25 billion.(4) Hence, improved treatments would be of 18 
considerable societal and economical value. 19 
Bone can be referred to as either a tissue or an organ; it is 20 
composed of a complex three-dimensional multicellular structure. 21 
Healthy bone entails a fine balance between osteoblasts, 22 
osteocytes and osteoclasts, which are the three major cell types 23 
required for the continuous turnover of bone.(5-7) Osteoblasts are 24 
responsible for the deposition of new hydroxyapatite bone mineral 25 
and form osteocytes after becoming embedded in the deposited 26 
extracellular matrix.(8) These osteoblasts express alkaline 27 
phosphatase (ALP), type 1 collagen, RUNX2 and osteocalcin that are 28 
used as major indicators of mature functioning osteoblasts.(9) 29 
Osteoclasts are responsible for bone resorption and appear as large 30 
multinucleated cells with ruffled borders that attach to the 31 
mineralised extracellular matrix, degrade it and release free calcium 32 
into the blood in a process that allows continuous remodelling of 33 
bone.(10) These osteoclasts arise from the hematopoietic lineage 34 
(i.e. monocytes/macrophages) and express tartrate-resistant acid 35 
phosphatase (TRAP), cathepsin K and vitronectin receptor as 36 
markers indicating maturity.(11-13)  37 
Osteoporosis is associated with insufficient bone formation and a 38 
highly active population of osteoclasts, thereby causing excessive 39 
calcium resorption that cannot be naturally compensated by 40 
mineralising osteoblasts. Osteoblasts exert control over osteoclasts 41 
through the secretion of receptor activator of nuclear factor kappa-42 
B ligand (RANKL),(14, 15) which along with macrophage colony-43 
stimulating factor (M-CSF) as key factors responsible for the 44 
differentiation of monocytes into osteoclasts.(16) Osteoblasts also 45 
control the number of osteoclasts through secretion of 46 
osteoprotegerin (OPG), a member of the tumour necrosis factor 47 
(TNF) receptor superfamily.(17) Together, these signalling 48 
molecules maintain a healthy balance of the overall number of 49 
osteoclasts and osteoblasts. Current clinical strategies for the 50 
treatment of osteoporosis focus on restoring the balance between 51 
mineralisation and resorption by administering drugs to reduce 52 
osteoclast numbers, thereby reducing the overall rate of 53 
resorption.(18, 19) The most common family of anti-osteoporotic 54 
drugs are bisphosphonates (BP’s) that primarily act to reduce 55 
osteoclast numbers. Alternatively, glucocorticoid-based therapies 56 
such as parathyroid hormone or oestrogen (with or without 57 
progesterone) that stimulate osteoblast activity are used to 58 
counterbalance increased bone resorption.(3, 20, 21) BP’s are 59 
analogues of inorganic pyrophosphates and comprise two 60 
phosphonate groups bridged through a common carbon atom. 61 
Similar to inorganic phosphates, phosphonate groups account for 62 
the chelation of calcium ions.(22) This effect renders bone the most 63 
abundant target for BP’s, specifically under the conditions of bone 64 
resorption when large amounts of calcium are released from bone 65 
tissue. Four generations of BP’s have been developed since the 66 
introduction of the first BP’s, presenting increased efficacy profiles 67 
and mode of delivery. They are broadly classified as amino and non-68 
amino BP’s. Zoledronate and risedronate have proven to be the 69 

most potent BP’s.(23) Zoledronate has shown superior potency in 70 
terms of anti-osteoclastic behaviour, mainly due to the involvement 71 
of the amino group located on one of its two side groups.(22) 72 
Another parallel strategy advocates that modifying the second side 73 
group of BP’s with an amine likewise results in enhanced action 74 
against osteoclasts. The essential condition for the pharmacological 75 
activity of BP’s is the acidic microenvironment in the resorption 76 
lacunae that is created by mature functioning osteoclasts.(24) Since 77 
BP’s bind to the mineral in bone, acidic conditions result in the 78 
protonation of the phosphonate groups to trigger release of the BP 79 
moiety from the matrix. The osteoclasts absorb the released BP 80 
through the endocytic pathway and release it into the cellular 81 
compartment as they encounter the acidic environment of the 82 
vesicles. Once released intracellularly, amino BP’s inhibit farnesyl 83 
diphosphate synthase, a key enzyme involved in the synthesis of 84 
cholesterol.(25) This inhibition is known to affect the prenylation of 85 
GTPase signalling proteins, which affects the ability of the 86 
osteoclasts to anchor themselves to the surrounding matrix. The 87 
entire process results in major disruptions in the functioning of 88 
mature osteoclasts involving attachment and presentation of the 89 
ruffled membrane borders necessary for resorption.(26) Eventually, 90 
because of the inability of osteoclasts to anchor and resorb, they 91 
undergo apoptosis, leading to a reduction in their overall numbers. 92 
BPs may be administered either orally or intravenously. Oral 93 
administration has the disadvantage of diminished bioavailability 94 
over time, necessitating multiple sessions of administration.(27) 95 
Comparatively, intravenous administration of BP’s has resulted in 96 
stronger and longer lasting anti-resorptive effects. However, 97 
because of issues such as poor compliance, persistence of 98 
continued therapy, dosage issues and continued use of BP’s, the 99 
dropout ratio of patients is as high as 50%, resulting in poor patient 100 
recovery outcomes.(28) The main reason for discontinuing oral 101 
administration is gastrointestinal complications driving patients to 102 
discontinue their treatment midway.(29) Another issue with BP’s 103 
relates to osteonecrosis of the jawbone, which has been shown to 104 
become apparent upon cancer treatment with (high doses of) 105 
BP’s.(30, 31) Therefore, strategies to increase the therapeutic and 106 
targeting efficiency of BP’s towards osteoclasts to reduce the 107 
dosage of BP’s would be highly beneficial for the treatment of 108 
osteoporosis. 109 
Particularly, BP’s adsorb onto the surface of bone to provide release 110 
of BP’s as the HAP is resorbed along with the adsorbed BP’s, 111 
allowing osteoclast inhibition over an extended period.(35) To 112 
change the pharmacokinetic properties of BP’s, they have also been 113 
linked to polyethylene glycol (PEG) that is known to escape protein 114 
interactions. PEG-alendronate conjugates in osteoporotic rats have 115 
been shown to effectively inhibit the decrease in the width of the 116 
growth plate in bone to a level achieved with intrapulmonary 117 
administration of alendronate alone in an effort to reduce the side 118 
effects of alendronate on the mucosal and gastric lining, however 119 
not necessarily increasing the efficiency of the drug.(36) In another 120 
study, alendronate was linked to poly(D,L-lactide-co-glycolide) 121 
(PLGA) to determine if the drug retained its anti-osteoclastic 122 
properties after the conjugation [ref]. However, the experiments 123 
showed that the PLGA-alendronate conjugate had no better anti-124 
osteoclastic properties than PLGA alone.(32) Hence, methods to 125 
enhance the targeting of BPs to osteoclastic cells to improve BP 126 
efficacy and reduce BP side effects are currently not available. 127 
Hyaluronic acid (HA) is a non-sulphated glycosaminoglycan that 128 
comprises repetitive disaccharide units consisting of monomers of 129 
N-acetyl-D-glucosamine and D-glucuronic acid and forms a linear 130 
polysaccharide chain.(33) It is an essential developmental molecule 131 

Page 2 of 16Biomaterials Science



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx B. Science., 2015, 03, 1-3| 3  

Please do not adjust margins 

Please do not adjust margins 

found in many parts of the human body, such as the synovial 132 
cavities, eyes, umbilical cord and connective tissues. HA is 133 
synthesised and degraded in vivo, assisted by hyaluronan synthases 134 
and hyaluronidases, respectively.(34) Amongst others, the cluster of 135 
differentiation 44 (CD44) receptor-mediated pathway is the major 136 
route for entry of HA into the cells and is recognised by specific 137 
enzymes, hyaluronidases, for extracellular and intracellular 138 
degradation.(35) HA shows high affinity to CD44 receptors on the 139 
cell surface and undergoes CD44-mediated endocytosis in 140 
osteoclasts but not in osteoblasts.(36) 141 
The purpose of this study was to test the hypothesis that covalent 142 
coupling of HA to BP increases its affinity towards osteoclasts in 143 
comparison to osteoblasts in vitro, thereby enhancing the targeting 144 
ability of the drug. We derivatised HA with BP (pamidronate) and in 145 
order to follow the cellular delivery, labelled the polymer with a 146 
fluorescent tag. We found that HA by itself could assist the 147 
preferential uptake into osteoclasts, in contrast to osteoblasts, to 148 
provide higher potency of the BP-linked adduct than the free drug. 149 
We believe that this is the first step towards developing an effective 150 
targeting strategy for BP’s to enhance its specificity and lower the 151 
required doses. 152 
 153 

B. Materials and Methods 154 

Synthesis of HA-thiol (HA-SH) derivatives. HA (400 mg, average 155 
MW 8000 Da, 1 mmol of disaccharide units) was dissolved in 40 mL 156 
of deionised water. Dihydrazide linker 1 (35.7 mg, 0.15 mmol) was 157 
added to the HA solution. N-hydroxybenzotriazole (HOBt, 153 mg, 1 158 
mmol) was separately dissolved in 6 mL of acetonitrile:water 159 
mixture (v/v = 1:1) and added to the HA solution. The pH of the 160 
resultant solution was adjusted to 4.7, after which the coupling 161 
reaction was initiated by addition of solid 1-ethyl-3-(3-162 
dimethylaminopropyl)-carbodiimide (EDC, 96 mg, 0.5 mmol) to the 163 
reaction mixture. The mixture was stirred overnight and then 164 
basified to 8.5 with 1 M NaOH. DL-dithiothreitol (DTT, 116 mg, 0.75 165 
mmol) was added to the solution. The mixture was stirred 166 
overnight, after which the solution was transferred to a dialysis 167 
tube (MW cutoff = 3500). After exhaustive dialysis against dilute HCl 168 
(pH 3.5) containing 0.1 M NaCl, followed by dialysis against dilute 169 
HCl (pH 3.5) two times, the dialysed solution was lyophilised to give 170 
214 mg of low-molecular-weight (L-HA) thiol-modified HA (54% 171 
yield). The degree of incorporation of thiol (10%, of the disaccharide 172 
repeat units) groups in L-HA HA-SH was verified by comparison of 173 
integration of the –CH2CH2SH side chain peaks at 2.58 and 2.73 ppm 174 
with the acetamido moiety of the N-acetyl-D-glucosamine residue 175 
of HA. High-molecular weight (H-HA) thiol-modified HA was 176 
synthesised analogously from 400 mg of HA of average MW 150000 177 
Da.  The degree of substitution with thiol groups in H-HA-SH was 178 
10%. 179 
 180 
Synthesis of HA-BP derivatives. HA-BP derivatives were synthesised 181 
from L-HA and H thiolated HAs (HA-SH) via photo induced thiol-ene 182 
addition (Scheme 1) as reported previously.(37) They were 183 
abbreviated as L-HA-BP and H-HA-BP, respectively. In brief, 184 
acrylated BP 2 (57.8 mg, 0.2 mmol) was added to 200 mg of L-HA 185 
HA-SH or H-HA-SH in 12 mL degassed distilled water in order to 186 
obtain BP-to-thiol molar ratios of 4:1. Subsequently, 4 mg of 187 
Irgacure

®
 2959 was added and the mixture was stirred for 10 min 188 

under ultraviolet light (36 W UV timer lamp, CNC international BV, 189 
Netherlands). Thereafter, the mixture was dialysed against 0.1 M 190 
NaCl at pH 3.5 (MW cutoff of 3.5 kDa) and subsequently dialysed 191 
(48 h) against distilled water at pH 3.5 twice. The solution was 192 

neutralised to pH 7.4 and lyophilised. The resulting polymers were 193 
analysed by 

1
H NMR and 

31
P NMR and elemental analysis 194 

(colorimetric spectrophotometric method by OEA Labs).. 195 
Specifically, 

1
H NMR peaks corresponding to the native HA protons 196 

(such as acetamide protons at 1.9 ppm; 2′, 3′, 4′, 5′ and 6′-protons 197 
of the HA disaccharide unit between 3.2–4.0 ppm as well as 198 
anomeric 1′-protons at 4.4 ppm) were compared with peaks 199 
corresponding to the methylene protons 2 and 3 of the grafted side 200 
chains. The peak at 2.2 ppm corresponds to two methylene protons 201 
–CH2C(OH)(PO3H2)2 that are adjacent to a bridging carbon of the BP 202 
group.  203 
 204 
Synthesis of polyvinyl alcohol-BP (PVA-BP) derivatives. Thiolated 205 
PVA was first prepared according to a previously established 206 
protocol.(38) The degree of thiolation in PVA-SH was 4.5% (i.e. on 207 
an average, 16.2 out of 360 monomer units were thiolated in PVA 208 
of average MW 16000 Da). PVA-SH (35.3 mg, 32.4 µmol of –SH 209 
groups) was dissolved in 7 mL of degassed distilled water and 210 
acrylated BP 2 (9.4 mg, 32.4 µmol) was added to the solution. 211 
Subsequently, 4 mg of Irgacure

®
 2959 was added and the mixture 212 

was stirred for 10 min under ultraviolet light (36 W UV timer lamp, 213 
CNC international BV, Netherlands). Thereafter, the mixture was 214 
dialysed against distilled water three times. The dialysed solution 215 
was lyophilised to give 32 mg of PVA-BP (72% yield). The resulting 216 
polymer was analysed by 

1
H NMR and

 31
P NMR. 

1
H NMR showed 217 

that one BP group was linked to each thiol group (Figure S1). 218 
 219 
Fluorescent labelling of HA derivatives. Fluorescein B 220 
isothiocyanate (FITC) was linked to hydrazide-functionalised HA 221 
derivatives of L-HA and H-HA (L-HA-hy and H-HA-hy, respectively). 222 
Fluorescent labelling of bisphosphonated HA was performed 223 
analogously starting with HA derivatives dually functionalised with 224 
hydrazide and BP groups (L-HA-hy-BP and H-HA-hy-BP). Initial 225 
modification of either native HA or HA-BP with hydrazide groups 226 
was first accomplished according to our previously published 227 
protocol.(39) First, 20 mg each of each HA derivative (L-HA-hy and 228 
H-HA-hy; L-HA-hy-BP and H-HA-hy-BP) (Scheme S2) was dissolved in 229 
deionised water at concentrations of 12 mg/mL and 4 mg/mL, 230 
respectively. The pH of the obtained solutions was adjusted to 8 231 
with 1 M NaOH. Then, 0.8 mg of FITC (40) was dissolved in 100 µL of 232 
dry methanol and added to the basified solution of HA-hydrazide 233 
derivative, corresponding to 0.03 molar equivalents of FITC with 234 
respect to the number of HA disaccharide units. The reaction 235 
mixture was stirred overnight in dark at room temperature (RT) and 236 
then dialysed against acidified water (pH 3.5) containing 0.1 M 237 
NaCl, followed by dialysis against acidified water twice. Dialysis 238 
tubes with a molecular weight cut-off of 3500 Da were used for H-239 
HA-hy and H-HA-hy-BP, whereas dialysis tubes with a molecular 240 
weight cut-off of 1000 Da were used for L-HA-hy and L-HA-hy-BP. 241 
After freeze-drying the dialysed solutions, the following FITC-242 
labelled derivatives were obtained: 10.7 mg (51.4% yield) of L-HA-243 
hy, 15.3 mg (73.6% yield) of H-HA-hy, 11.5 mg (57.5% yield) of L-HA-244 
hy-BP and 20 mg (100% yield) of H-HA-hy-BP.  245 
 246 
Cell culture. Cells from the murine monocyte cell line RAW 264.7 247 
were differentiated into osteoclast-like cells by addition of murine 248 
RANKL. In brief, the cells were grown in α-minimum essential 249 
medium (α-MEM, Gibco) supplemented with 10% foetal calf serum 250 
(FCS) (Gibco) with 50 g/mL gentamycin at 37°C in a humidified 251 
atmosphere of 5% CO2. In order to initiate the process of osteoclast 252 
formation, the cells were seeded (0.8 mL) in 8-well Lab-Tek 253 
chamber slides (BD Biosciences, Sweden) at a density of 2 × 10

3
 cells 254 
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per chamber and cultured twice over a period of 5 days in a 255 
medium containing 20 ng/mL of murine RANKL (Peprotech, UK). On 256 
the 6th day, the induced cells were washed and treated with the 257 
compounds as described in Table 1. Human buffy coats from 258 
anonymous donors were provided by the Uppsala Hospital Blood 259 
Bank following a protocol approved by the research and ethics 260 
advisory committee.  To isolate PBMCs, the buffy coats were diluted 261 
1:1 (v/v) in warm PBS, layered over Ficoll-Paque Premium solution 262 
(GE Healthcare, Uppsala, Sweden) and centrifuged (400 g for 30 263 
min) without brake.  The PBMC layer was collected and washed in 3 264 
volumes of PBS, isolated by centrifugation (100 g) and resuspended 265 
in α-MEM containing 10% (v/v) FCS.  Granulocyte contamination of 266 
PBMC was reduced to less than 1% by performing 2 additional 267 
Ficoll-Paque separations. Soluble human receptor activator of 268 
nuclear factor kappa-B ligand (RANKL) and recombinant human 269 
macrophage colony-stimulating factor (hM-CSF) were purchased 270 
from PeproTech (U.K.) and reconstituted in the medium at final 271 
concentrations of 40 ng/mL and 20 ng/mL, respectively. Cells were 272 
seeded at a total density of 5000 cells/cm

2
, yielding a final cell 273 

density of 1750 cells in 0.2 mL medium in each well of a 96 well 274 
plate. Cells were induced for 4 weeks with medium changes every 3 275 
days. At 4 weeks, the induced cells were washed and treated with the 276 
compounds as described in Table 1. Tartrate-resistant acid 277 
phosphatase (TRAcP) activity was measured using a leukocyte acid 278 
phosphatase kit (Sigma). MC3T3-E1 pre-osteoblasts were obtained 279 
from ATCC and cultured in maintenance medium (α-MEM) (41) 280 
with 10% FCS and 1% penicillin-streptomycin at 37°C in a 281 
humidified atmosphere of 5% CO2. 282 
 283 
In vitro osteoclastogenesis. RAW 264.7 cells (0.8 mL/well) at a 284 
plating density of 5000 cells/cm

2 
were seeded in 8-well Lab-Tek 285 

chamber slides at a final plating density of 2 × 10
3
 cells per chamber 286 

and induced twice over a period of 5 days in the presence or 287 
absence of 20 ng/mL of RANKL (Peprotech, UK). On the 6

th
 day, the 288 

induced cells were treated with the compounds as described in 289 
Table 1. After 24 h, the cells were TRAP-stained using a 290 
commercially available kit (Sigma Aldrich, St. Louis, MO, USA). Cell 291 
nuclei were stained using 300 nM 4´,6-diamidino-2-phenylindole 292 
dihydrochloride (DAPI) and then visualised using fluorescence 293 
microscopy. Tartrate resistant acid phosphatase (TRAP) that is a 294 
known osteoclast biomarker was used to identify mature bone 295 
resorbing cells. TRAP positive multinucleated cells (TPMCs) were 296 
defined as cells having 3 or more nuclei in addition to dark brown 297 
intracellular staining., As additional controls, these cells were 298 
incubated with native HA of H-HA and L-HA. For statistical 299 
evaluation, the cell numbers of mature osteoclasts was counted 300 
using four different fields of view and repeated four times. 301 
 302 
Total cellular metabolic activity assay using AlamarBlue®. RAW 303 
264.7 and MC3T3-E1 cells were trypsinised and suspended in fresh 304 
media aliquoted (0.2 mL) to contain 5 × 10

3
 cells/cm

2
 in a 96 well 305 

plate. A fresh working solution of 10% AlamarBlue®
®
 was prepared 306 

by mixing 1 ml AlamarBlue® stock solution with 9 ml media (DMEM 307 
and α-MEM with 10% FCS but without phenol red and serum) and 308 
wrapped in foil until further use. The media were discarded and 1 309 
ml of medium containing AlamarBlue® was added to the test wells 310 
and incubated at 37°C for 90 min. Thereafter, 100 μL of this working 311 
solution (after incubation with cells) was transferred to a 96-well 312 
plate and fluorescence was determined on an Infinity plate reader 313 
with excitation at 560 nm and emission at 590 nm, followed by 314 
subtraction of background values. The seeding density and media 315 
volume were kept constant in all groups. 316 

 317 
Confocal microscopy. Immunostaining was performed 24 h after 318 
incubating with the samples from Table 1 labelled with FITC. In 319 
brief, the cells were washed with PBS, fixed with 4% 320 
paraformaldehyde and permeabilised in 0.01% Triton-PBS. 321 
Nonspecific binding sites were blocked with the addition of 10% 322 
goat serum for 1 h. To examine the role of the CD44 receptor in the 323 
uptake process, the cells were treated with a monoclonal antibody 324 
specific for the mouse CD44 receptor and counter stained with a 325 
rhodamine-linked secondary antibody for visualisation. L-HA-hy-BP 326 
and H-HA-hy-BP were labelled with FITC as described above to 327 
follow the polymer linked-BP. DAPI was used to stain the multiple 328 
nuclei. The cells were incubated for 60 min at RT with monoclonal 329 
rat anti-mouse anti-CD44 antibody (50 µL/well, 1:100 diluted 1% 330 
donkey serum with PBS) and subsequently incubated with 331 
secondary fluorescent antibody (50 µL/well, 1:200 diluted donkey 332 
anti-rat IgG conjugated with rhodamine; (Molecular Probes) at RT 333 
for 30 min in darkness. Cell nuclei were stained using DAPI for 30 334 
min at RT in dark. The cells were washed with PBS and then 335 
mounted in Vectashield mounting fluid (Vector). Fluorescence 336 
images were acquired using a Zeiss confocal laser-scanning 337 
microscope. Images were quantified using Image J (Free source 338 
software from NIH). 339 
 340 
Statistical analysis. All quantitative experiments were performed in 341 
triplicate and the data are shown as the mean ± standard deviation 342 
of one representative experiment. The results are expressed as 343 
mean ± SD. Statistical significance was calculated with Student's t-344 

test for unpaired samples using the SPSS statistical analysis 345 
software. p Values less than 0.05 were considered significant.  346 

 347 

C. Results 348 

BP groups were linked to HA to form HA-BP. HA of MW 8 and 150 349 
kD (designated as L-HA and H-HA, respectively) was functionalised 350 
with BP groups in two steps according to the reported 351 
procedure.(37) In brief, native HAs were first modified with thiol 352 
groups using linker 1, which facilitated synthesis of L-HA-SH and H-353 
HA-SH, respectively (Scheme 1). In both derivatives, the degree of 354 
substitution with thiol groups was approximately 10%. 355 
Subsequently, photo-initiated thiol-ene addition of thiol groups to 356 
pamidronate acrylamide 2 resulted in the bisphosphonated 357 
analogues L-HA-BP and H-HA-BP. On average, 2.5 and 3 molecules 358 
of acrylated BP molecules were added per thiol group in L-HA-BP 359 
and H-HA-BP, respectively, as was judged from 

1
H NMR analysis 360 

(Figure 1). HA functionalisation with BP groups was confirmed by 361 
appearance of methylene protons 1 adjacent to the bridging carbon 362 
of the BP group (see structure in Figure 1A for designation). The 363 
degree of substitution with BP’s (DSBP) was found to be 25% for L-364 
HA-BP according to the comparative integration of this peak and 365 
the singlet of HA acetamide protons at 1.9 ppm. Moreover, a 366 
characteristic singlet phosphorus peak at 18.7 ppm was observed 367 
for the attached BP’s in 

31
P NMR spectra (Figure 1B). 

1
H NMR and 368 

31
P NMR spectra of H-HA-BP were similar to those of the L-HA-BP 369 

analogue, indicating that the conjugation efficiency did not depend 370 
on the MW of HA. Elemental analysis of HA-BP derivatives showed 371 
of 3.2% phosphorous and 0.7% sulphur content indicating that 372 
approximately 2.3 bisphosphonate groups were linked to each thiol 373 
group. 374 
 375 
 376 
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Figure 1. Figure 1. (A) Synthesis scheme for BP-functionalised HA 377 
(L-HA-BP and H-HA-BP). (B) 1H NMR and (C) 31P NMR spectra of 378 
the L-HA-BP derivative in D2O. 379 
BP-linked HA exhibits anti-proliferative effects on murine 380 
osteoclast-like cells. The results in Figure 2 show that RAW 264.7 381 
cells induced with 20 ng/mL RANKL twice for 5 days formed giant 382 
TPMCs mimicking osteoclasts. We quantified the effect of H-HA and 383 
L-HA as well as H-HA-BP and L-HA-BP in comparison with parent 384 
pamidronate on the survival and proliferation of RANKL-induced 385 
murine osteoclast-like cells using a standard TRAP assay.(42) L-HA-386 
BP at a concentration of 100 µM exhibited the highest toxicity by 387 
reducing over 90% of the osteoclast-like cells, whereas H-HA-BP 388 
exhibited approximately 60% toxicity. In contrast, L-HA, H-HA and 389 
unmodified BP demonstrated only limited (approximately 35%) 390 
reduction in osteoclast-like cell numbers compared with the 391 
untreated control within 24 h. Hydrazide-linked HA of both 392 
molecular weights without BP’s also showed between 30-40% 393 
toxicity by themselves. To quantify the effect of H-HA and L-HA 394 
without linked BP’s on the survival of osteoclasts, HA of 7.5 and 150 395 
kD was dissolved and added at 100 µM concentration to the culture 396 
of RANKL-induced RAW 264.7 cells. No significant effect of native L-397 
HA and H-HA on cell proliferation was observed. In addition, there 398 
was no direct evidence of involvement of L-HA and H-HA on 399 
osteoclastogenesis at 100 µM concentrations. (Figure 2 & 3)  400 
 401 
 402 
Figure 2. (A) Effect of BPs on murine osteoclast-induced TRAP 403 
activity. RAW 264.7 cells were induced with (20 ng/mL) RANKL for 5 404 
days. Subsequently they were treated with BPs for 24 h. TRAP 405 
activity was measured as described in ‘Materials and Methods’. The 406 
images show the formation of giant multi-nucleated cells indicating 407 
the presence/absence of osteoclast-like cells. A. H-HA (avg. MW= 408 
150 kD); B. L-HA (avg. MW = 7.5 kD); C. Control; D. H-HA-BP (avg. 409 
MW = 150kD); E. L-HA-BP (avg. MW = 7.5 kD); F. Free BP. (B) Image 410 
analysis was performed on the different groups and quantified as 411 
represented in the graph. Statistical significance was calculated with 412 
Student's t-test. P value < 0.01 when compared across the groups. 413 
 414 
 415 
Figure 3. (A) Effect of BPs on human osteoclast-induced TRAP 416 
activity. PBMC’s were induced with 40 ng/mL RANKL and 40 ng/mL 417 
M-CSF for 4 weeks. Subsequently they were treated with BPs for 24 418 
h. TRAP activity was measured as described in ‘Materials and 419 
Methods’. The images show the formation of giant multi-nucleated 420 
cells indicating the presence/absence of osteoclast-like cells. A. H-421 
HA (avg. MW= 150 kD); B. L-HA (avg. MW = 7.5 kD); C. Control; D. H-422 
HA-BP (avg. MW = 150kD); E. L-HA-BP (avg. MW = 7.5 kD); F. Free 423 
BP. (B) Image analysis was performed on the different groups and 424 
quantified as represented in the graph. P value < 0.01 when 425 
compared across the groups. Images with DAPI staining for nuclei in 426 
human osteoclasts were used only for analysis and representative 427 
images are presented without nuclear staining to improve clarity. 428 
Scale bars represent 200 µm. Statistical significance was calculated 429 
with Student's t-test. P value < 0.01 when compared across the 430 
groups. 431 
. 432 
To investigate if the drug-linked polymer had any dose-dependent 433 
toxicity towards human osteoclasts, we exposed mature osteoclasts 434 
at week 4, with an increasing dosage of BP-linked polymer (0, 1, 10, 435 
50 or 100 µM) for 24h and performed TRAcP staining on the cells 436 
post-fixation with 4% PFA. The cells showed increasing dose-437 
dependent toxicity up to 100 µM concentration.  438 

 439 
 440 
Figure 4. Effects of HA-linked bisphosphonates (0, 1, 10, 50 or 100 441 
µM) on osteoclast differentiation. Human osteoclasts were treated 442 
with different concentrations of bisphosphonates (0, 1, 10, 50 or 443 
100 µM) for 24h and counted both the number of osteoclasts and 444 
large osteoclasts after 4 weeks of culture. Results are shown as 445 
means ± SD for four independent experiments. P>0.05 and 446 
represents significant difference from control osteoclasts (≥2 447 
nuclei).  448 
 449 
In addition, we examined whether linking of the BP moiety to a 450 
synthetic polymer, devoid of cell surface receptor recognition 451 
molecules such as PVA of similar MW, would have any effect that 452 
mimics the effect of L-HA-BP on osteoclast-like cells. (SI. Table 1) 453 
L-HA-BP at a concentration of 100 µM exhibited the highest toxicity 454 
by reducing over 90% of the murine osteoclast-like cells as well as 455 
human osteoclasts, whereas H-HA-BP exhibited approximately 60% 456 
toxicity. In contrast, L-HA, H-HA and unmodified BP demonstrated 457 
only limited (approximately 35%) reduction in osteoclast numbers 458 
compared with the untreated control within 24 h. To quantify the 459 
effect of H-HA and L-HA without linked BP’s on the survival of both 460 
murine and human osteoclasts, HA of 7.5 and 150 kD was dissolved 461 
and added at 100 µM concentration to the culture of RANKL-462 
induced RAW 264.7 cells or human osteoclast cultures. No 463 
significant effect of native L-HA and H-HA on cell proliferation was 464 
observed. In addition, there was no direct evidence of involvement 465 
of L-HA and H-HA on osteoclastogenesis at 100 µM concentrations. 466 
In addition, we examined whether linking of the BP moiety to a 467 
synthetic polymer, devoid of cell surface receptor recognition 468 
molecules such as PVA of similar MW, would have any effect that 469 
mimics the effect of L-HA-BP on osteoclasts. (SI. Table 1) The PVA-470 
BP derivative was obtained analogously to HA, that is via thiol-ene 471 
addition reaction of thiolated PVA (PVA-SH) to pamidronate 472 
acrylamide 2 (synthesis scheme and NMR characterisation are given 473 
in Supporting Information). We found that PVA-BP does not elicit 474 
any detectable toxicity towards osteoclasts. (Figure S3) RAW 264.7 475 
cells were cultured and observed separately in a medium without 476 
RANKL alongside the differentiated osteoclast-like cells to ascertain 477 
the effect of the compounds on undifferentiated cells. We found 478 
that only L-HA-BP presented minor toxicity to the undifferentiated 479 
monocytes/macrophages assessed through cell counting when 480 
together in culture with differentiated cells. To ascertain the effect 481 
of the fluorescent labelling of the compounds, we repeated the 482 
experiment as described above and observed that there was no 483 
difference between L-HA-hy-BP and L-HA-BP in terms of reduction 484 
of osteoclast numbers. (SI. 4) 485 
 486 
BP-linked HA is selective in toxicity towards osteoclasts. Figures 3 487 
and 4 show that the toxicity exhibited by L-HA-hy-BP and H-HA-hy-488 
BP towards osteoclasts was not replicated towards other cell types. 489 
The effects of these HA-derivatives were investigated by testing 490 
them against undifferentiated RAW 264.7 cells and a primary 491 
murine pre-osteoblast clone (MC3T3-E1). All compounds (L-HA-hy-492 
BP, H-HA-hy-BP, H-HA, L-HA, free BP with concentrations 493 
normalised to the same BP concentration) and untreated controls 494 
were presented to both cell types for a 24-h period at the same 495 
concentrations as presented to the osteoclast-like cell cultures. 496 
Figure 5. Effect of BP-linked compounds on pre-osteoblasts (A) 497 
and murine macrophages (B). MC3T3-E1 cells were exposed to BP-498 
containing and BP-free compounds and evaluated for cytotoxicity 499 
using the AlamarBlue® assay as described above (A). RAW 264.7 500 
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cells were exposed to BP-containing and BP-free compounds for 24 501 
h and evaluated for cytotoxicity using the AlamarBlue® assay as 502 
described above. Data are expressed as the mean ± S.D. of triplicate 503 
cultures. The experiment was performed three times, with similar 504 
results obtained in each experiment. Statistical significance was 505 
calculated with Student's t-test. P value < 0.01 when compared 506 
across the groups. 507 
 508 
The metabolic activity of the cells was assessed using the 509 
AlamarBlue® assay and plotted as cell survival compared with 510 
untreated control. Differentiated osteoclasts demonstrate variable 511 
responses when incubated with AlamarBlue® and therefore TRAcP 512 
assay showed the most reliable method to testing osteoclasts 513 
whereas the undifferentiated cells show measureable response 514 
towards AlamarBlue®. In a similar experiment, native L-HA and H-515 
HA exhibited approximately 50% toxicity towards both pre-516 
osteoblasts and undifferentiated murine macrophages in 24 h 517 
tested at concentrations mentioned for the above compounds. In 518 
contrast, the BP-functionalised derivatives were significantly less 519 
toxic towards both these cell types. Free pamidronate, however, 520 
showed approximately 70% toxicity towards both cell types during 521 
the 24-h incubation period. Thus, the inhibitory effect of L-HA-BP 522 
and H-HA-BP on the proliferation of murine osteoclasts is specific 523 
and does not negatively influence MC3TC-E1 cells. 524 
 525 
L-HA-BP conjugates selectively undergo uptake in RAW 264.7 cells 526 
induced by RANKL. To further examine the mechanism of cellular 527 
entry, RAW 264.7 cells were exposed to fluorescently labelled HA 528 
derivatives after a 5-day induction period by RANKL. For fluorescent 529 
labelling, hydrazide or dual hydrazide and BP derivatives of 8 and 530 
150 kD were prepared (designated as L-HA-hy, H-HA-hy, L-HA-hy-BP 531 
and H-HA-hy-BP, respectively). The hydrazide functionality was 532 
introduced specifically to react with the isothiocyanate reactive 533 
group (-N=C=S) of FITC. The aforementioned groups of compounds 534 
were added to the cells and incubated for a period of 12 h, since 535 
most osteoclast-like cells showed toxic response towards the BP-536 
linked HA only around 24 h. After 12 h, these cells were examined 537 
for the transport of BP’s across the membrane. It was observed that 538 
only multinucleated osteoclast-like cells stained positive for uptake 539 
and the polymer was observed to localise in vesicles inside the cell. 540 
Free FITC did not localise into vesicles. In addition, there was no 541 
uptake of any of the polymer-drug conjugates in the 542 
undifferentiated murine monocytes/macrophages as revealed by 543 
confocal microscopy results, thereby indicating selective uptake. H-544 
HA-hy-BP did not show any visible uptake in 12 h and appeared to 545 
adhere to the cell surface (Figure 5). 546 
 547 
 548 
Figure 6. Cellular uptake of HA-hy-BP-FITC in murine osteoclasts. 549 
RAW 264.7 cells were stimulated with RANKL (20 ng/mL) for 5 days 550 
to differentiate into osteoclast-like cells and incubated in the 551 
presence of FITC-labelled H-HA-hy-BP (A). Scale bar for (A) 552 
represents 50µm (B) L-HA-hy-BP. Scale bar for (A) represents 553 
100µm. Blue colour represents DAPI staining of the multiple nuclei 554 
in each cell body. Compounds penetrate the cell membrane with L-555 
HA-hy-BP and remain at cell surface with H-HA-hy-BP at 100 µM 556 
concentration. 557 
D. Discussion 558 

In this study, we covalently derivatised HA with a BP moiety to form 559 
a potent and biodegradable drug-polymer complex. To verify 560 
whether the potency and specificity of the drug against osteoclasts 561 

was enhanced, we challenged an in vitro osteoblast and/or 562 
osteoclast cell culture model with this new adduct. 563 
We explored the idea of linking the BP drug to HA in order to 564 
increase the probability of the drug-linked polymer to be 565 
internalised through processes such as receptor-mediated 566 
endocytosis through CD44 (receptor for hyaluronan), clathrin-567 
mediated pits and pinocytosis.(43) It has been suggested in 568 
previous work that low molecular weight HA can penetrate the cell 569 
with greater efficiency using receptor mediated endocytosis 570 
compared to high molecular weight HA.(44) We made an important 571 
observation that when the drug was linked to HA, the toxicity of the 572 
drug towards osteoclasts increased, which could be attributed to 573 
enhanced uptake. The polymer-drug conjugate also demonstrated 574 
concentration dependent toxicity, implying that dosage could be 575 
controlled and even concentrations as low as 10 µM could elicit the 576 
desired pharmacological response in vitro. The free drug and HA 577 
polymer lacking the BP moiety itself did not impose any significant 578 
toxic effect on the osteoclasts. We noted that the hydrazide-579 
modified compounds did elicit some toxicity of their own and can 580 
be attributed to the presentation of unreacted hydrazide groups as 581 
an irritant. Significantly, the polymer-linked drugs did not 582 
significantly affect undifferentiated monocytes. This corroborates 583 
with improved uptake of L-HA HA by endocytosis.(44). It has been 584 
previously demonstrated that osteoblasts show low expression 585 
levels of CD44, whereas osteocytes and osteoclasts show higher 586 
expression levels of CD44 receptors.(36) BP-based drugs are known 587 
to inhibit mature osteoclasts from attaching to the bone surface by 588 
altering the cytoskeleton and subsequent loss of the ruffled 589 
borders, thereby slowing down resorption.(45) In order to verify if 590 
the effect is replicable with a drug delivery vehicle that does not 591 
present suitable ligands for receptor-mediated uptake, we used 592 
bisphosphonated PVA. Indeed, this adduct had no detectable effect 593 
on the survival of osteoclasts. Another important requirement for 594 
new-generation drugs is non-toxicity towards unrelated cell types. 595 
Here we observed that the drug-linked polymer does not affect the 596 
growth or proliferation of osteoblasts, which possess the inherent 597 
mechanisms to remineralise and heal defects in bone. This makes 598 
the polymer-linked drug a multimodal vehicle, where BP targets 599 
bone and HA targets specific cell surface receptors present on 600 
osteoclasts. Further, we investigated the transport of the drug-601 
linked polymer L-HA-BP into mature osteoclasts to rule out any 602 
involvement of toxicity arising through the interaction of L-HA-BP 603 
merely with the cell surface. We equipped the polymer with a 604 
fluorescent probe to locate its movement or attachment and 605 
performed the experiment under the same conditions as described 606 
before. Although only a few mature osteoclasts survived incubation 607 
with the drug for 12 h, the ones that survived were fixed and 608 
stained with DAPI to locate the nuclear body. We could distinctly 609 
locate pockets inside the multi-nucleated osteoclasts with the 610 
fluorescent polymer of L-AH. In the case of monocytes, we 611 
demonstrated that fluorescence appeared only at the cell surface 612 
and not inside the cell, reiterating our observations that the drug-613 
linked polymer shows high specificity towards multinuclear mature 614 
osteoclasts only. This demonstrates the preference of the polymer-615 
drug conjugate towards mature osteoclasts and not towards other 616 
cell types. We speculate that this could be possibly mediated 617 
through the interaction of the complex with CD44 receptors or 618 
other HA receptors, allowing higher possibility for the drug to be 619 
taken into the osteoclast cell body. It has been suggested that 620 
efficient treatment of skeletal disorders such as osteoporosis ideally 621 
requires the development of smart delivery strategies that can 622 
target osteoclasts without disturbing other functioning cell 623 
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types.(46) This paves the way for selective and higher levels of 624 
uptake by osteoclasts, lower doses and reduced side effects. 625 
 626 

D. Conclusion 627 

The in vivo scenario related to bone renewal is complex with 628 
cellular cross talk, and built-in mechanisms have been 629 
developmentally incorporated that allow the cells to survive higher 630 
levels of stress. Extreme stress changes the way cells orchestrate 631 
bone turnover, which cannot be rebalanced without drug 632 
intervention. The drugs available at present are capable of treating 633 
osteoporosis; however, they are associated with severe side effects. 634 
We have developed a HA-linked BP derivative and demonstrated 635 
increased specific targeting of the drug towards osteoclasts, 636 
thereby offering unaffected osteoblasts a chance to rebalance the 637 
process of mineralisation and resorption. We reason that by linking 638 
the drug to an efficient carrier, the required dose of the drug can 639 
also be lowered significantly. Hence, HA-linked BP may offer the 640 
opportunity for long-term treatment of patients with osteoporosis 641 
with higher compliance rates. Future work should explore in detail 642 
the mechanisms involved in signalling of such complexes in cells to 643 
better understand the cellular response towards such ‘smart 644 
targeting vehicles’. We expect that this type of targeted delivery 645 
system can be extended to other classes of drugs in the future. 646 
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