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Synthetic hydroxyapatite: a recruiting platform for biologically active 
molecules
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In drug delivery, one important goal is to achieve efficient 
tissue concentrations in targets known for poor drug penetra-
tion. Local drug delivery can be one solution and may involve 
a carrier, able to act as a temporary depot to release the active 
biomolecules (Raina et al. 2016). The possibility of reloading 
such a carrier has until now not been described. Furthermore, a 
local delivery approach most often requires surgery. Targeted 
delivery of drugs by coupling them to tissue specific ligands, 
the so-called ligand–receptor interaction, is an example of a 
systemic approach to enhance drug concentration, yet the effi-
ciency is less than 10% and it still involves complicated fab-
rication processes (Kirpotin et al. 2006, Bae and Park 2011). 

We propose implanting a recruiting and reloadable particu-
late apatite moiety, within the tissue of interest, to which sys-
temically administered drugs circulating in the bloodstream 
could bind due to a high chemical affinity. A biomaterial in 
the form of particulate HA embedded in calcium sulphate 
(CaS) allows for in-situ setting. Based on the affinity to HA, 
there are antibiotics today in clinical use for bone infection 
that could be candidates for seeking HA as a recruiting moiety 
(Perrin 1965). By activating the ceramic material, it can ini-
tially exert a local antibacterial effect and later be reloaded 
via systemic administration. We hypothesized that particles of 
synthetic HA possess binding sites such as calcium, phosphate 
and hydroxyl groups, which when placed in a targeted tissue 
can act as recruiting moiety for systemically administered bio-
molecules.

The primary aim of our study was to demonstrate whether 
a systemically administered bisphosphonate, zoledronic acid 
(ZA) with known affinity to HA, could be bound to synthetic 
particulate HA implanted in an ectopic location. Second, our 
aim was to prove a biological effect of the drug-seeking phe-
nomenon in bone, by using a fenestrated implant containing 
HA particles in an orthotopic model in rats. Additionally, we 
present: (1) an evaluation of the effect of the HA particle size 
on the drug binding capacity in an ectopic implantation model; 

Background and purpose — Targeted delivery of drugs 
is important to achieve efficient local concentrations and 
reduce systemic side effects. We hypothesized that locally 
implanted synthetic hydroxyapatite (HA) particles can act 
as a recruiting moiety for systemically administered drugs, 
leading to targeted drug accretion.

Methods — Synthetic HA particles were implanted 
ectopically in a muscle pouch in rats, and the binding of sys-
temically circulating drugs such as zoledronic acid (ZA), tet-
racycline and 18F-fluoride (18F) was studied. The local bio-
logical effect was verified in an implant integration model in 
rats, wherein a hollow implant was filled with synthetic HA 
particles and the animals were given systemic ZA, 2-weeks 
post-implantation. The effect of HA particle size on drug 
binding and the possibility of reloading HA particles were 
also evaluated in the muscle pouch.

Results — The systemically administered biomolecules 
(ZA, tetracycline and 18F) all sought the HA moiety placed 
in the muscle pouch. Statistically significant higher peri-
implant bone volume and peak force were observed in the 
implant containing HA particles compared with the empty 
implant. After a single injection of ZA at 2 weeks, micro HA 
particles showed a tendency to accumulate more 14C-zole-
dronic acid (14C-ZA) than nano-HA particles in the muscle 
pouch. HA particles could be reloaded when ZA was given 
again at 4 weeks, showing increased 14C-ZA accretion by 
73% in microparticles and 77% in nanoparticles.

Interpretation — We describe a novel method of sys-
temic drug loading resulting in targeted accretion in locally 
implanted particulate HA, thereby biologically activating the 
material.
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(2) an assessment of the possibility of reloading the implanted 
HA particles via systemic delivery of a model drug and (3) an 
exploration of other binding agents, given systemically, such 
as an antibiotic, tetracycline, and a radioactive tracer 18F, and 
their ability to seek local HA. 

Methods
Study design
The observations made in this study are based on in-vivo 
experiments carried out on the laboratory rat as a model 
biological system. The first study describes the uptake of a 
bisphosphonate, zoledronic acid (ZA), in a biphasic calcium 
sulphate (CaS)/hydroxyapatite (HA) based biomaterial. The 
material was implanted in an abdominal muscle pouch model, 
an ectopic non-osseous site, without the presence of living 
bone (Raina et al. 2016). To verify the biological effects, an 
implant integration model was used in rats. The next experi-
ment was performed to evaluate the effect of the hydroxyapa-
tite particle size on uptake of ZA in the ectopic muscle pouch 
model. The final experiments were performed to evaluate the 
affinity of 2 other drug classes to synthetic HA including the 
antibiotic tetracycline and positron-emitting radioactive tracer 
18F (Figure 1).

Uptake of ZA in ectopically implanted CaS/HA bio-
material pellets: hydroxyapatite as a recruiting moiety
CaS/HA biomaterial pellets were prepared by mixing 1 g of 
CaS/HA pre-mixed powder (60% CaS and 40% HA) with 
0.43 mL non-ionic radiographic contrast agent (Iohexol) using 
a sterile spatula. The slurry was transferred to a 1 mL gradu-
ated syringe and 40 µL of the paste was poured into each well 
of a sterile nylon mold (Ø = 5 mm). 12 pellets were casted 
and each pellet contained approximately 80 mg CaS/HA. The 
contents of each well were allowed to set for 30 min and the 
pellets were retrieved from the mold. The entire process was 
performed in a sterile environment under a laminar airflow 
bench. 6 male Sprague-Dawley (SD) rats (average weight 358 
g) were used for the experiment. 4 rats received 1 pellet of 

CaS/HA biomaterial each in the abdominal muscle follow-
ing an established protocol described in detail by our group 
previously (Raina et al. 2016). The remaining 2 animals were 
operated the same way without receiving the CaS/HA bioma-
terial pellet (SHAM). After 2 weeks, all animals were given 
a subcutaneous injection of 14C labelled ZA (concentration: 
1 mg/mL, specific radioactivity: 7.1 MBq/mL, radiochemi-
cal purity: > 95%) at a dose of 0.1 mg/kg, a standard dose in 
rodent experiments (Amanat et al. 2007). After a period of 24 
h, all 6 animals were killed by CO2 asphyxiation. 4 pellets 
of CaS/HA biomaterial were retrieved from the biomaterial 
implanted animals. A 4-mm biopsy of the muscle (n = 2) was 
harvested from the SHAM operated animals from the same 
anatomical location. Samples were individually placed in 5 
mL scintillation tubes and immersed in 2 mL of 5M HCl for 48 
h at room temperature to aid in rapid decalcification and soft-
ening. All samples were homogenized to form a slurry using 
an ultrasound-based tissue homogenizer (1 min/sample). 0.5 
mL of the slurry was mixed with 4.5 mL scintillation cock-
tail (Optiphase, HiSafe 2, PerkinElmer, Waltham, MA, USA), 
homogenously mixed and read using a scintillation counter 
(Wallac 1414, PerkinElmer, USA). 

Implant integration model: biological effect of bio-
modulating hydroxyapatite 
Medical grade polyether ether ketone (PEEK) implant (outer 
Ø = 3.5 mm, inner Ø = 2.1 mm, hole Ø = 1.4 mm and height 
= 6.3 mm) was custom made in the form of a threaded 
hollow cylindrical core with a conical frustum at the bottom 
and contained 3 equally spaced holes. A PEEK implant was 
used over conventional titanium to avoid metal artefacts seen 
using X-ray-based imaging of metallic implants. A detailed 
description of the chamber model is mentioned elsewhere 
(Raina et al. 2019). In brief, a 3.2 mm Ø hole was created in 
the right proximal tibia of rats just under the tibial epiphysis. 
The implant was placed press-fit in the metaphyseal bone and 
screwed with the aid of a custom-made screwdriver. 2 groups 
were used for evaluation of bone–implant anchorage; (1) 
Empty PEEK implant (control) and (2) PEEK implant filled 
with a CaS/HA biomaterial. The control group involving the 

Figure 1. Overview of the experimental design used in the study.
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use of the empty implant has also been described earlier in our 
recent study and data are used for comparison only (Raina et 
al. 2019). 22 male SD rats were divided into 2 equally sized 
groups (average weight = 378 g, n = 11/group). After 2 weeks, 
the animals receiving implants containing CaS/HA biomate-
rial were injected with a single subcutaneous dose of ZA (con-
centration: 0.8 mg/mL, injected dose: 0.1 mg/mL). 6 weeks 
post-surgery, the animals were killed using CO2 asphyxiation 
and the harvested tibiae were evaluated for peri-implant bone 
formation using radiography, microcomputed tomography 
(micro-CT), mechanical testing, and histology.

Radiography and Micro-CT imaging was performed using 
a NanoScan micro CT scanner (Mediso Medical Imagining 
System, Budapest, Hungary) to obtain images with an effec-
tive voxel size of 10 µm (X-ray voltage: 65 kV, current: 123 
µA, exposure: 1300 ms). Peri-implant bone formation was 
measured immediately around the implant holes within the 
medullary canal and expressed as bone volume (BV) based on 
established protocols (Raina et al. 2019).

Mechanical testing was performed on an Instron® (8511) 
biaxial load frame (Instron, Norwood, MA, USA) connected 
to a 250N load sensor. Samples were mounted on a custom-
made jig. All specimens were subjected to a pre-loading pro-
tocol for 10 s before a total pull-out was performed. A load 
rate of 0.5 mm/s was used for the pull-out and the force-dis-
placement curves were used to obtain the peak force (Raina 
et al. 2019). 

Routine procedures for decalcified histology were followed. 
Briefly, tissue fixation was done in 4% neutral buffered for-
malin solution overnight following which EDTA (10% w/v) 
based decalcification was carried out for 5 weeks before par-
affin embedding. Sections of 5 µm thickness were cut and 
stained with H&E by following the manufacturer’s guidelines 
(Thermo Fisher Scientific, Waltham, MA, USA). 

Role of hydroxyapatite particle size on drug accumu-
lation and the possibility of reloading 
Commercially available HA particles of micrometer size 
(10 µm, Sigma-Aldrich, Product Number: 900203; Sigma-
Aldrich, St Louis, MO, USA) and nanometer size (< 200 nm, 
Sigma-Aldrich, Product Number: 677418) were sterilized by 
autoclaving. For the uptake experiment, 25 mg of both parti-
cle sizes were weighed. 18 male SD rats (average weight: 326 
g) were operated in the abdominal muscle pouch and each rat 
received loose nano-HA (nHA) particles on the right side of 
the abdominal midline and loose micro-HA (mHA) particles 
on the left side of the abdominal midline. Particles were intro-
duced into the muscle pouch by using a sterile pipette tip as a 
funnel. The muscle was sutured using 2 single non-resorbable 
sutures, which also aided in locating the particles at harvest. 
At 13 days post-surgery, all animals received a single sub-
cutaneous injection of 14C labelled ZA (concentration: 1 
mg/mL, specific radioactivity: 7.1 MBq/mL, radiochemical 
purity: > 95%) at a dose of 0.1 mg/kg (animal weight aver-

aged to 400 g). 1 day after the injection, 6 animals were killed 
and the radioactive counts were measured by following the 
protocol described in section 2.2. At 27 days post-surgery, 
6/12 animals received a repeated subcutaneous injection of 
14C labelled ZA (dose: 0.1 mg/kg, animal weight averaged 
to 400 g). 1 day after the second injection, all remaining 12 
animals were killed to evaluate the efficacy of reloading the 
HA particles with ZA. The 6 animals that were injected on 
day 13 and killed at t = day 28 were used as controls for the 
reloading experiment. 

Evaluating the affinity of other biologically active mol-
ecules to hydroxyapatite 
The antibiotic tetracycline and 18F-fluoride radioactive isotope 
were the other 2 biologically active molecules whose ability 
to systemically seek and bind hydroxyapatite was evaluated. 
Pellets of CaS/HA biomaterial were prepared by follow-
ing the same procedure as described earlier. 4 male SD rats 
(average weight 361 g) were used and each animal received 
1 single pellet of the CaS/HA biomaterial in the abdominal 
muscle. After 2 weeks, 2 animals received a single subcutane-
ous injection of tetracycline (dose 20 mg/kg) and the animals 
were killed 1 day later. The pellets were harvested from the 
muscle pouch, carefully cleaned of all surrounding muscle/
connective tissue and formalin fixed overnight followed by 
routine histological preparation. Tissue sections were placed 
on glass slides for fluorescence microscopy. The remaining 
2 animals were injected with Na-18F via the tail vein 2 weeks 
after CaS/HA biomaterial implantation (specific radioactivity: 
animal 1: 85 MBq and animal 2: 120 MBq) while maintain-
ing isoflurane anesthesia (2% isoflurane and 1:1 mixture of O2 
and N2O, flow rate: 0.4 L/min). After a waiting period of 1 h, 
the animals were placed in a positron emission tomography 
scanner (NanoPET/CT, Mediso Medical Imagining Systems, 
Hungary) and subjected to micro-CT to detect the anatomi-
cal location of the implanted pellet (projections: 240, scan: 
semi-circular, X-ray voltage: 65 kV, exposure: 500 ms, voxel 
size: 141 µm). Imaging setup described earlier by Mathavan 
et al. (2019) was used. The uptake of Na-18F in the CaS/HA 
biomaterial was analyzed using PET imaging and a voxel size 
of 0.4 mm was achieved. The CT and PET projections were 
overlapped to confirm the tracer uptake in the CaS/HA bio-
material.

Statistics
Mann–Whitney U-test was used to compare two groups. 
Paired data analysis was performed using Wilcoxon’s signed 
rank test. Data in the graphs are shown as mean ± SD.

Ethics, funding, and potential conflicts of interest
All animal experiments were approved by the Swedish board 
of agriculture (Permits: M124-14 and M79-15). The ARRIVE 
guidelines have been followed to provide details regarding 
in-vivo experiments involving the usage of laboratory ani-
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mals. VINNOVA, the Swedish agency for innovation systems 
(Grant number: 2017-00269), the Swedish Research Coun-
cil (Vetenskapsrådet, Grant number: 2015-06717) and the 
Alfred Andersson foundation funded this study. LL is a board 
member of Bone Support AB, Sweden and Ortho Cell, Aus-
tralia. MT and DBR have received options from Ortho Cell, 
Australia for work unrelated to this study.

Results
Uptake of 14C-ZA in the CaS/HA biomaterial at an 
ectopic location
14C-ZA uptake was confirmed in the pellet of CaS/HA bioma-
terial placed in the abdominal muscle pouch using scintillation 
counting (Figure 2). Negligible counts were detected in the 
abdominal muscle (muscle: 18 DPM vs. only cocktail: 8 DPM) 
of the control animals that were injected with only 14C-ZA. 

Implant integration model: biological effect of bio-
modulating hydroxyapatite 
Representative radiographs, micro-CT slices and the quan-
titative analysis of BV measured using micro-CT indicated 
significantly higher BV in the Implant + CaS/HA + systemic 
ZA group compared with the empty implant (p < 0.001) 
(Figure 3). Representative histology images corroborated the 
micro-CT results well and a higher amount of viable bone 
tissue around the implant was found in the systemic ZA 
group, compared with the empty control both at low and high 
magnifications. Furthermore, the higher BV fraction around 
the implant in the systemic ZA group also resulted in better 
implant osseointegration (increased pull-out peak force) as 
seen from the increased peak force in the pull-out testing (p 
= 0.008). 

Effect of hydroxyapatite particle size on 14C-ZA uptake
A higher 14C-ZA uptake was observed in micro-sized HA 
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Figure 2. Uptake of 14C-ZA in the CaS/HA bio-
material placed in the abdominal muscle, 1 day 
post subcutaneous administration of 14C-ZA. 
Observe the difference in the scale of the y-axes 
for the 2 groups. Bars indicate uptake of 14C-ZA 
in the muscle (brown) and CaS/HA biomaterial 
(blue).

Figure 3. Biological effect of hydroxyapatite biomodulation assessed in the implant integra-
tion model in rats. Top panel shows representative radiograph, micro-CT slice, histology 
overview (H&E staining), and high magnification histology (H&E staining), respectively from 
the Implant + empty group while the middle panel shows images from the Implant + CaS/
HA + systemic ZA group. Bottom left indicates micro-CT quantification of bone volume (BV) 
immediately around the implant holes and bottom right shows peak pull-out force. In the his-
tology images * indicates new bone formation around the implant. Scale bar in the overview 
histology images represents 1 mm and magnified images represents 100 µm. a indicates p 
< 0.001 and b indicates p < 0.01 (Mann–Whitney U-test). Data for the empty group are taken 
from an earlier study for comparison (Raina et al. 2019).
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particles as compared with the nano-HA particles (p = 0.06) 
(Figure 4, left). 

Possibility of reloading hydroxyapatite particles
There was a marked difference between the uptake of 14C-ZA 
after 1 and 2 subcutaneous injections of 14C-ZA, indicating the 
possibility of reloading HA particles on a need-be basis (Fig-
ures 4 and 5). Similar to the animals killed at day 14 (Figure 4, 
left), the animals that received 1 subcutaneous dose of 14C-ZA 
on day 13 followed by killing on day 28 (Figure 4, middle), 
showed an increased 14C-ZA uptake in microparticles com-
pared with nanoparticles (p = 0.09) with a further increase 
after 2 subcutaneous injections (Figure 4, right). By adminis-
tering 14C-ZA on 2 occasions instead of 1, a 77% increase in 
the average uptake of 14C-ZA was noted in the nanoparticles 
(p = 0.02) while micro-HA particles exhibited an increase of 
73% (p = 0.02) (Figure 5).

Uptake of antibiotic tetracycline and radioemitter 18F 
in CaS/HA biomaterial
Fluorescence microscopy images confirmed the uptake of the 
antibiotic tetracycline in the CaS/HA biomaterial after sub-
cutaneous administration of tetracycline 2 weeks post-pellet 
implantation and subsequent imaging 24 h later (Figure 6). 
Importantly, most of the fluorescent signal was seen on the 
periphery of the CaS/HA biomaterial with very limited fluo-
rescence detected in the middle of the specimen. 
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Figure 4. Timeline and uptake kinetics of 14C-ZA in micro- and nano-sized HA particles placed in the abdominal 
muscle pouch. Left: Uptake of 14C-ZA in the animals injected with 14C-ZA on day 13 and killed on day 14. Middle: 
Uptake of 14C-ZA in the animals injected with 14C-ZA on day 13 and killed on day 28. Right: Uptake of 14C-ZA in the 
animals injected with 14C-ZA on day 13 and day 27 and killed on day 28. Each line on the graph presents paired data 
from the same animal. Statistical analysis was performed using Wilcoxon’s matched pairs signed rank test. 
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Figure 6. Uptake of tetracycline (administered systemically) in a pellet 
of CaS/HA biomaterial placed in the abdominal muscle pouch of rats, 
24 h post-administration detected using fluorescence microscopy. 
Yellow box (top, right) indicates the approximate region where the high 
magnification (bottom, right) fluorescence image was captured. Low 
magnification image was captured with an exposure of 1 s while the 
high magnification image was captured with an exposure of 200 ms.
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Using PET-CT, the uptake of the radioemitter 18F in the CaS/
HA biomaterial ectopically placed in the abdominal muscle 
pouch was shown. Apart from the CaS/HA biomaterial, the 
uptake was also observed in other hard tissues. A substantial 
amount of the tracer was cleared by the kidneys and found in 
the urinary bladder (Figure 7). 

Discussion

We have shown that synthetic HA particles can be used as a 
recruiting moiety for different drug classes administered sys-
temically and their affinity to HA binding sites can activate the 
particulate material to exert a biological effect. After systemic 
administration of radioactive ZA, we found an accretion in 
the synthetic HA particles implanted in the abdominal muscle 
pouch, which remained for at least 2 weeks after injection. 
Similar results have been observed in an orthotopic model 
in osteoporotic rats for up to 6 months (unpublished results). 
The ZA not only seeks but also modulated and activated HA, 
thereby enhancing bone anchorage as shown in the implant 
integration model. The timing of the injection may be critical, 
and has been established to be between 1 and 2 weeks in rat 
models of fracture healing (Amanat et al. 2007). This time 
interval theoretically fits well within the time frame reported 
for HA deposition in a fracture callus collagen network, and 
with the fluid mechanics necessary for drug transport (Andre-
shak et al. 1997, Amanat et al. 2007, Mathavan et al. 2019). 

The use of the biomodulation framework is promising also 
for other drug classes, apart from obvious bone-seeking drugs 
like bisphosphonates. Using particulate HA as a recruitment 
platform may also open up new treatment methods in infec-
tions and tumors. Tetracycline is commonly used for dynamic 
histomorphometry of bone and Perrin in 1965 confirmed that 
tetracycline binds to HA (Perrin 1965). Furthermore, Bern-
hardsson et al. (2018) recently showed uptake of a positron-
emitting tracer 18F in an ectopic location in rats, which con-
tained pellets of allogenic bone or granular HA. While the 

Figure 7. Uptake of 18F (administered systemically) in a pellet of CaS/
HA biomaterial placed in the abdominal muscle pouch of rats, 1 h post-
administration detected using PET-CT.

2D PET/CT overlap 3D reconstruction literature reveals that certain drug classes have affinity for 
bone or HA in general, none of the studies have looked at the 
relationship of physical properties of HA, such as particle size 
and its effect on drug-binding capacity, especially in in-vivo 
models. More so, our study also presents a novel concept of 
reloading the implanted HA particles, which opens possibili-
ties for on-demand additional local drug targeting. Owing to 
a larger surface area, we hypothesized that nanoparticles in 
comparison with microparticles could theoretically give access 
to an increased number of binding sites and thus higher drug 
accretion. However, our findings indicate the contrary, which 
could be because the intra-particulate open space is larger 
between microparticles compared with the densely packed 
nanoparticles, making the binding sites more easily acces-
sible. Another explanation could be that the biological clear-
ance of the nanoparticles from the tissue locally is more rapid, 
with fewer total available particles and thus reduced binding 
affinity. This observation agrees with an earlier study, which 
compared the effect of polymer based micro- and nanoparticle 
delivery in the rodent peritoneum (Kohane et al. 2006). The 
authors could detect microparticles in the peritoneum for up to 
14 days while the nanoparticles were cleared as early as 2 days 
with substantial uptake in the spleen and the liver. 

Local HA, in the form of micro- to nanoparticles at the site of 
infection, could act as a carrier but also as a recruiting moiety 
for systemically administered HA binding antibiotics. The 
affinity of each antibiotic would foremost depend on its chem-
ical structure, i.e., binding capacity to calcium, phosphate, and 
hydroxyl groups and HA amount and size. It is compelling 
that some of the recommended second-level systemic antibi-
otics for PJI such as rifampicin, tetracycline, and daptomycin 
all have a chemical structure that would allow them to bind to 
apatite. A novel approach for a biphasic ceramic could be to 
have the antibiotic not only embedded in the soluble sulphate 
phase but also, by using millions of nano-HA particles already 
functionalized with antibiotics, to provide extended sustained 
local antibiotic delivery. The HA particles could then further 
be reloaded by systemic administration with the same or a dif-
ferent antibiotic that has high affinity for HA. Nanoparticles 
of HA are shown to be internalized by several cell types (Yuan 
et al. 2010, Zhao et al. 2018), which could give the possibility 
of intracellular drug delivery to eradicate bacteria known to 
reside within the cells.

Apart from antibiotics, Lewington (2005) in a review on 
bone-seeking radioactive isotopes describes a group of iso-
topes such as 32P, 89Sr, 186Re, and 223Ra possessing high 
affinity to metabolically active bone. De Klerk et al. (1992) 
combined 186Re with hydroxyethylidene diphosphonate to 
form a bisphosphonate complex with an aim to achieve high 
bone accretion for treatment of metastatic bone disease. Even 
bisphosphonates have been described as carriers for various 
tumor-targeting radioisotopes for diagnostic purposes as well 
as for pain management in tumors (Palma et al. 2011). In this 
study, we used a model radioemitter 18F to verify accretion in 
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synthetic HA particles. Based on the literature, other clinically 
relevant isotopes could also be systemically administered and 
concentrated in a target tissue implanted with large number 
of nano- and micro-HA particles for theranostic treatment of 
locally aggressive tumors or solitary metastasis. Agents that 
exhibit strong affinity to hydroxyapatite can also be coupled 
with other therapeutic agents (Ramanlal Chaudhari et al. 
2012) wherein the molecule with affinity acts as a guide and 
takes the drug to the target tissue.

Conclusion
This study recapitulates some of the early studies with system-
ically administered agents traced in bone and hydroxyapatite 
(HA). A systemically administered bisphosphonate, ZA, seeks 
HA acting as a recruiting moiety. A fenestrated bone-anchored 
PEEK implant was filled with synthetic HA microparticles and 
after a period of 2 weeks a bisphosphonate, zoledronic acid, 
was systemically administered. The synthetic HA particles 
acted as a ZA-recruiting biomodulated moiety and resulted 
in improved bone–implant anchorage, indicating a biological 
effect. The specific binding of locally implanted HA particles 
in the muscle was also verified for tetracycline and 18F. Our 
study also shows that the size of the HA particles plays an 
important role in the binding of a systemically administered 
drug. Micro-sized particles tend to bind more drug compared 
with nanoparticles. Systemic loading of synthetic HA parti-
cles can be carried out at several predetermined time intervals 
or on a need-be basis as long as a sufficient amount of HA par-
ticles with free binding sites are available at the target tissue. 

Clinical significance
We present a novel concept of targeted drug delivery by pro-
viding a HA-based recruiting moiety that can attract certain 
classes of systemically circulating drugs and lead to their 
accumulation within the target tissue. A library of biomol-
ecules that have the ability to chemically interact with HA 
could in future be used for targeted delivery of drugs in sce-
narios involving bone regeneration, infections, or tumors, and 
likely be implemented in other tissues.
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