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ABSTRACT: Osteoarthritis (OA) can necessitate surgical inter-
ventions to restore the function of the joint in severe cases. Joint
replacement surgery is one of the procedures implemented to
replace the damaged joint with prosthetic implants in severe cases
of OA. However, after successful implantation, a fraction of OA
patients still require revision surgery due to aseptic prosthetic
loosening. Insufficient osseointegration is one of the factors that
contribute to such loosening of the bone implant, which is
commonly made from titanium-based materials. Zoledronic acid
(ZA), a potent bisphosphonate agent, has been previously shown
to enhance osseointegration of titanium implants. Herein, we fabricated ZA/Ca composites using a reverse microemulsion method
and coated them with 1,2-dioleoyl-sn-glycero-3-phosphate monosodium salt (DOPA) to form ZA/Ca/DOPA composites. Titanium
alloy screws were subsequently dip-coated with a suspension of the ZA/Ca/DOPA composites and poly(lactic-co-glycolic) acid
(PLGA) in chloroform to yield Za/PLGA-coated screws. The coated screws exhibited a biphasic in vitro release profile with an initial
burst release within 48 h, followed by a sustained release over 1 month. To assess their performance in vivo, the Za/PLGA screws
were then implanted into the tibiae of Sprague−Dawley rats. After 8 weeks, microCT imaging showed new bone growth along the
medullary cavity around the implant site, supporting the local release of ZA to enhance bone growth around the implant.
Histological staining further confirmed the presence of new mineralized medullary bone growth resembling the cortical bone. Such
local medullary growth represents an opportunity for future studies with alternative coating methods to fine-tune the local release of
ZA from the coating and enhance complete osseointegration of the implant.
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1. INTRODUCTION
Osteoarthritis (OA) is a degenerative and oftentimes age-
dependent bone disease which affects millions worldwide.1,2

This disease affects all aspects of the joint including but not
limited to the articular cartilage, subchondral bone, and
associated ligaments and causes joint failure.3 These
deleterious changes to the cartilage and subchondral bone
are the main causes for pain and loss of mobility in patients.3

OA management options are mostly relegated to pain
management using either pharmacological means such as oral
and topical nonsteroidal anti-inflammatory drugs and visco-
supplementation injections of hyaluronic acid or nonpharma-
cological means such as exercise and weight loss.3,4 However,
in the case of patients with end stage OA who do not have
improved outcomes after trying these management options,
surgical intervention, or arthroplasty, is often the next step.3−5

Though it is possible for OA to present in the knee, elbow, and
ankle joints, the most common sites where OA reaches the
point for arthroplasty are in the hip and knee.5−7 Joint
replacement surgery is a procedure where the surgeon will
remove the damaged bone and cartilage and use a prosthesis to
restore normal functionality and alignment to the joint.5 To

ensure the bone implant adheres strongly and quickly to the
bone such that there is minimal movement of the implant,
several factors must be considered including that the materials
chosen for the implant are (1) biocompatible, (2) able to
integrate with the host bone tissue, (3) nonimmunogenic, and
(4) able to provide mechanical and structural support which
indirectly promotes bone healing due to the reduced shear
stress.8,9 Bone implants have been engineered using bulk
materials made from biomaterials such as hydroxyapatite,10

degradable polymers such as poly(lactic-co-glycolic) acid
(PLGA) or polycaprolactone;11,12 or made from metallic
materials, such as magnesium,13 stainless steel,14 titanium,15 or
any combinations of these materials.16 Titanium and its alloys
are the most commonly used materials for bone implants as
they possess high mechanical strength, are anticorrosive, have a
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high elastic modulus and high biocompatibility, and are
permissive to bone apposition owing to their bioinertness.17,18

In addition, titanium-based implants have been shown to cause
decreased fibrous tissue formation around the implant
compared to other metals.17 Though joint replacement
surgeries have a high rate of success, there is a need for
revision surgery within the first 25 years after implantation in
20% of cases.19,20 The most common cause for this implant
failure is aseptic prosthetic loosening, and there have been
several strategies aimed at avoiding this issue.4,21,22 Implant
failure can be the result of several contributing factors such as
inadequate qualitative or quantitative bone stock, as well as
age, gender, implant insertion trauma, and/or poor osseointe-
gration.9,18 For this work, we were focused on poor
osseointegration as a contributing factor to aseptic prosthetic
loosening.23

Osseointegration is the process by which the implant surface
forms a direct bond with the surrounding bone tissue.24,25

Depending on the implant site, a bone implant will need to
meet specific osseointegration requirements.8 For example,
fixation screws and plates that are removed from the body
following healing have low to moderate osseointegration
requirements.8 Other implants such as pedicle screws used in
spinal fusion surgeries or joint replacements need to remain for
the lifetime of the patient to provide support and hence have
high osseointegration requirements.8,26 Several approaches
have been investigated to improve the osseointegration of
implants, including the use of bioactive bulk materials27,28 or
making physicochemical modifications to the implant sur-
face.8,28,29 However, in this work we were focused on the use
of bisphosphonates for their antiresorptive properties.8,30,31

Bisphosphonates are potent inhibitors of osteoclast-mediated
bone resorption and are most commonly used to treat bone
disorders such as osteoporosis, Paget’s disease, and osteo-
genesis imperfecta.31 Bisphosphonates are uniquely qualified
for bone disease treatment because of their high affinity for
bone tissue compared to other tissues.31,32 Since one of the
distinctive aspects of post-traumatic osteoarthritis (PTOA)
progression is remodeling of the subchondral bone, bi-
sphosphonate compounds are a promising candidate for OA
treatment due to their antiresorptive properties.30 Bisphosph-
onates can be broadly divided into two groups, namely,
nitrogen-containing and non-nitrogen-containing, where the
nitrogen-containing bisphosphonates are the more potent of
the two due to their higher affinity for calcium hydroxyapa-
tite.31 Zoledronic acid (ZA) is a nitrogen-containing bi-
sphosphonate compound and was chosen for our studies
because it is already used in clinical practice, being delivered
via infusion, and has been shown to promote osseointegration
of titanium implants in ovariectomized rabbits.33 It has been
shown that bisphosphonates can induce osteoclast apoptosis,
decrease osteoclastogenesis, and increase the function of
osteoblasts.31 In prior research, bisphosphonates, such as ZA,
have been delivered via intravenous,34,35 subcutaneous,33

intraperitoneal,36 or topical routes.23 Local release of bi-
sphosphonate(s) has been investigated by several research
groups to enhance fixation and osseointegration of bone
implants.37−45 It has been shown that, without additional
coating agents or surface modification, bisphosphonate-coated
titanium screws exhibited a fast in vitro bisphosphonate release
profile with most of the drug being released within the first 3
days, signifying the importance of implant coating in the
control of bisphosphonate release.45 In contrast, sustained local

delivery of bisphosphonate(s) has been achieved by incorpo-
rating bisphosphonate(s) into the coating layers of implants via
various techniques, such as hydroxyapatite (HA),37,38 immo-
bilized fibrinogen,38−40 and poly(D,L-lactic acid) (PDLLA)
coatings.41−44 Methods such as the ZA/PDLLA coating
technique still suffer from a burst release in vitro, with ∼90%
of the loaded ZA being released within the first 24 h,41

prompting a need for the development of a new coating
technique that provides sustained release of ZA.

To date, ZA has not been incorporated into a PLGA for the
purposes of bone implant coating. PLGA is an FDA-approved
biodegradable polymer that has been used in several
commercially available drug delivery systems.11,30,46−50 PLGA
is uniquely qualified as a drug delivery vehicle because its
release kinetics can be finely tuned to fit specific needs by
varying the ratio of lactic acid to glycolic acid monomers.51

The decision to deliver drugs locally has several advantages
over systemic administration such as (1) decreased risk of
systemic side effects, (2) the ability to deliver multiple
therapeutics at a time, and (3) fewer and often lower doses
being necessary.9 We hypothesized that delivering ZA locally
using a biodegradable polymer matrix bone implant coating
would result in improved implant osseointegration and
decreased risk of adverse side effects due to the lowered
drug concentration needed in the formulation compared to
systemic administration.

In our studies, bisphosphonate-metal composites comprising
CaCl2, ZA, and/or the fluorescently labeled version of ZA
(AF647-ZOL) were synthesized. The composites were then
coated in the lipid 1,2-dioleoyl-sn-glycero-3-phosphate mono-
sodium salt (DOPA). The composites were characterized for
drug content, hydrodynamic diameter, and zeta potential. The
various composites were then used to dip-coat model titanium
alloy screws which were then assayed for drug deposition, in
vitro release profiles, and finally used in an in vivo rat study to
evaluate the effectiveness of the ZA/PLGA-coated screws
compared to uncoated or PLGA only coated screws to induce
bone implant osseointegration.

2. MATERIALS AND METHODS
2.1. Materials. Zoledronic acid (1-hydroxy-2-(1-imidazol-

yl) ethane-1,1-diphosphonic acid monohydrate) was purchased
from Tokyo Chemical Industry Co., Ltd. America (Portland,
OR). Nanopure water was obtained from a Barnstead
Nanopure Diamond purification system (ThermoFisher
Scientific, Waltham, MA). Ammonium hydroxide was
purchased from ThermoFisher Scientific. Formic acid and
calcium chloride (CaCl2) were purchased from J. T. Baker
Chemical (Austin, TX). Cyclohexane was purchased from
ThermoFisher Scientific. Polyoxyethylene(5)nonylphenylether
(NP-5, IGEPAL CO-520) was purchased from Sigma-Aldrich
(St. Louis, MO). The lipids 1,2-dioleoyl-sn-glycero-3-phos-
phate monosodium salt (DOPA) and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-
2000 (DSPE-PEG2K) were purchased from Avanti Polar Lipids
(Alabaster, AL). Ethanol and chloroform were purchased from
ThermoFisher Scientific. Poly(lactic-co-glycolic) acid (PLGA,
Resomer RG 503) was purchased from Evonik (Darmstadt,
DEU). AF647-ZOL was purchased from BioVinc (Pasadena,
CA). Titanium screw implants (Ti-6AL-4 V S-T cortex screw
1.5 mm × 10 mm) used for in vitro studies were purchased
from Smith & Nephew (Memphis, TN). Locking screws (1.5
× 8 mm2) used for the in vivo rat studies were purchased from
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TDM USA (Salt Lake City, Utah). EmbryoMax 1× Dulbecco’s
phosphate-buffered saline (PBS) was purchased from Sigma-
Aldrich (St. Louis, MO).
2.2. Instrumentation. Ultraviolet−visible (UV−vis) spec-

trophotometer measurements were performed using a
SpectraMax M5 multimode plate reader (Molecular Devices,
San Jose, CA). HPLC measurements were carried out using a
2690 Alliance HPLC separation module coupled with a 2487
dual λ absorbance UV−vis detector (Waters, Milford, MA).
Analytes were weighed using a Mettler Toledo XS104
analytical balance (Mettler-Toledo, Columbus, OH). Fluo-
rescence spectroscopy measurements were performed using a
SpectraMax M5 multimode plate reader (Molecular Devices,
San Jose, CA).
2.3. Analytical and Chromatographic Conditions.

Determination of ZA concentration in samples was performed
using IE-HPLC. A Dionex IonPac AS7 analytical column (10
μm, 4 × 250 mm2, ThermoFisher Scientific) equipped with a
guard column (10 μm, 4 × 250 mm2, ThermoFisher Scientific)
was utilized. The mobile phase was pumped at an isocratic flow

rate of 1.6 mL/min (min). The detection wavelength was 215
nm, the injection volume was 80 μL, and the run time was 10
min. Chromatographic separation of ZA was performed at
room temperature (RT) for all injected samples.
2.4. Mobile Phase Preparation. The mobile phase

consisted of 0.2% formic acid brought up to pH 3.0 using
aqueous ammonium hydroxide solution (∼6.2 mL, 1.48 N).
The mobile phase was degassed using an ultrasonic bath
(Branson Ultrasonics, Danbury, CT). The pH was measured
using a three-point calibrated pH meter (Mettler-Toledo
SevenEasy S20; Columbus, OH).
2.5. Sample Preparation. 2.5.1. Stock Solutions, Work-

ing Solutions, Calibration Standards, and Quality Control
Samples. ZA stock solutions were prepared in the mobile
phase (0.2% formic acid, pH 3.0) to give a final concentration
of 500 μg/mL, and all subsequent dilutions were made using
the mobile phase.

AF647-ZOL samples were measured for concentration by
fluorescence spectroscopy using excitation and emission
wavelengths of 648 and 666 nm, respectively. The concen-

Figure 1. Schematic representation of the synthesis process for ZA/Ca/DOPA, AF647-ZOL/Ca/DOPA, and ZA/AF647-ZOL/Ca/DOPA
composites. Further description can be found in section 2.6.
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tration of samples was determined by comparing the
absorbance of the samples to that obtained from a standard
curve of known concentrations.
2.6. Synthesis of ZA/Ca/DOPA, ZA/AF647-ZOL/Ca/

DOPA, and AF-ZOL/Ca/DOPA Composites. ZA/Ca/
DOPA composites were synthesized (Figure 1) as previously
described in the literature52−55 and were used to coat screws
for the in vivo animal study. Briefly, aqueous solutions of ZA
and CaCl2 were made at concentrations of 0.02 and 0.15 M,
respectively. Next, 360 μL of either solution was added
dropwise to 16 mL of cyclohexane/NP-5 (70:30) with
magnetic stirring, followed by sonication for several minutes
until the reverse microemulsion (RM) was transparent. A
solution of DOPA in chloroform was made to a concentration
of 50 mM, and 240 μL was added dropwise with magnetic
stirring to the ZA RM. This mixture was sonicated for several
minutes, left stirring for 10 min, then immediately added to the
CaCl2 RM. The reaction was left stirring overnight, and after at
least 16 h, 25 mL of ethanol was added to the RM to cause the
precipitation of the ZA/Ca/DOPA composites. The precip-
itate was collected using centrifugation at 13,000g for 15 min
(Sorvall Legend XTR Centrifuge; ThermoFisher Scientific),
washed twice with ethanol, and air-dried. The precipitate was
then resuspended in 2 mL of chloroform, syringe filtered using
a Choice PTFE (hydrophobic) syringe filter (ThermoFisher
Scientific) and dialyzed against chloroform for 48 h using
benzoylated dialysis tubing (2 kDa molecular weight (MW)
cutoff; Sigma-Aldrich). The resulting suspension was stored at
−20 °C until use.

The ZA/AF647-ZOL/Ca/DOPA composites were synthe-
sized using a modified method to that in the literature.52−55

These composites were used to coat screws for determining
the drug deposition, and the ZA RM consisted of 260 μL of
the ZA in water at a concentration of 0.02 M combined with
100 μL of AF647-ZOL in water dissolved at a concentration of
16.484 μg/mL. The rest of the synthesis procedure was the
same as that for ZA/Ca/DOPA composites. AF647-ZOL, due
to its similar in vivo biodistribution to ZA, has been used in
multiple studies to enable in vivo biodistribution studies of the
bisphosphonate in its free form and in nanoparticulate delivery
systems.52,53,56−58 AF647-ZOL has also been reported to
provide very similar in vitro release kinetics to ZA when
prepared as bisphosphonate−metal composites,52 hence
allowing for the use of AF647-ZOL in our in vitro release
study and IVIS imaging of the coated screws for sensitive
detection and quantification due to its fluorescent nature.

The AF647-ZOL/Ca/DOPA composites that were used to
coat the screws for the in vitro release study were synthesized
using a modified method to that in the literature.52−55 For
these composites, 360 uL of AF647-ZOL in water at a
concentration of 16.484 μg/mL was used to create the ZA RM.
The rest of the synthesis procedure was the same as that for
ZA/Ca/DOPA composites.

The ZA/AF647-ZOL/Ca/DOPA and AF647-ZOL/Ca/
DOPA composites were prepared in darkened rooms to
avoid light exposure. Once the synthesis was completed,
composite samples were stored in aluminum foil covered glass
screw top vials, and any additional handling of the composites
was done in darkened rooms and aluminum foil covered
glassware. Figure 2A−D shows the chemical structures for ZA,
AF647-ZOL, the attached AlexaFluor647 fluorescent probe,
and DOPA, respectively.

Figure 2. Chemical structures for (A) ZA; (B) AF647-ZOL; (C) AlexaFluor647 fluorescence probe that is chemically bound to the ZA molecule to
create the AF647-ZOL compound; (D) DOPA (1,2-dioleoyl-sn-glycero-3-phosphate (sodium salt)); and (E) DSPE-PEG2K (1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt)).
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2.7. Characterization of ZA/Ca/DOPA, ZA/AF647-
ZOL/Ca/DOPA, and AF-ZOL/Ca/DOPA Composites. The
concentrations of ZA in both the ZA/Ca/DOPA and ZA/
AF647-ZOL/Ca/DOPA composites were determined using
the previously described IE-HPLC method (section 2.3).
Samples were prepared for injection by first rendering
composites water-soluble by combining 100 μL of the
composite suspension with 1 mg of the net neutral lipid
DSPE-PEG2K (Figure 2E). The chloroform was removed using
rotary evaporation (40 mbar, 30 min, Rotavapor R-300; Büchi,
Flawil, CHE).

The composites were resuspended in 0.5 mL of the mobile
phase (0.2% formic acid, pH 3.0) for drug content analysis or
resuspended in 1 mL of the mobile phase for hydrodynamic
size, polydispersity index (PDI), and zeta potential measure-
ments. The ZA concentration was determined by comparing
the AUC of the sample to a calibration curve of known ZA
concentrations dissolved in the mobile phase (0.2% formic
acid, pH 3.0). The percent encapsulation efficiency (%EE) was
found using the following formula.

= ×%EE
Drug Added Free Drug Not Entrapped

Drug Added
100

In order to characterize the morphology of the ZA/Ca/
DOPA composites, a transmission electron microscopy
(TEM) (JEM 1230 JEOL USA; Peabody, MA) operated at
120 kV located at the Central Microscopy Research Facility at
the University of Iowa was used.

The AF647-ZOL concentration in the ZA/AF647-ZOL/Ca/
DOPA and AF647-ZOL/Ca/DOPA composites was deter-
mined by comparing a standard curve of known AF647-ZOL
concentrations to a sample of the DSPE-PEG2K-coated
composites using fluorescence spectroscopy. The data was
plotted using GraphPad Prism version 9.0.0.

A Zetasizer Nano ZS particle analyzer (Malvern Panalytical
Ltd., Westborough, MA) was used to measure the hydro-
dynamic diameter, PDI, and zeta potential for the ZA/Ca/
DOPA, ZA/AF647-ZOL/Ca/DOPA, and AF647-ZOL/Ca/
DOPA composites after coating in DSPE-PEG2K and
resuspension in 1 mL of Nanopure water. This data was
plotted using GraphPad Prism version 9.0.0.
2.8. Coating Composition and Technique. The ZA/

AF67-ZOL/PLGA, AF67-ZOL/PLGA, and ZA/PLGA coating
solutions were prepared in 2 mL glass vials (8 mm screw
thread; ThermoFisher Scientific) by combining 400 μL of a
30% (w/v) PLGA in chloroform with 200 μL of the requisite
composite suspension depending on the purpose of the coating
solution. The coating was applied to the model titanium screws
using a dip-coating technique where the screw was lowered
into the solution for 10 s and removed from the solution over
10 s. Each coat was air-dried for 10 min between coatings and
the screws were coated seven times total. The screws were air-
dried at RT overnight before use in any subsequent
experiment.

In order to make the PLGA only coating solution, 400 μL of
a 30% (w/v) PLGA in chloroform was combined with 200 μL
of chloroform. The coating method was the same as was
performed for the ZA/AF67-ZOL/PLGA, AF67-ZOL/PLGA,
and ZA/PLGA coating solutions.

It is important to note that in order to have a higher drug
concentration for the in vivo study ZA/PLGA coating solution,
11 batches of ZA/Ca/DOPA composites suspensions in

chloroform were combined, the chloroform removed using
rotary evaporation, and then the dried precipitate was
resuspended in 2 mL of chloroform. This ZA/Ca/DOPA
composite stock solution was then used to create the ZA/
PLGA coating solution.
2.9. IVIS Imaging of ZA/AF647-ZOL/PLGA-Coated

Screws. The amount of drug deposited onto a ZA/AF647-
ZOL/PLGA-coated screw was determined by measuring the
fluorescence of the screw using an IVIS Lumina S5 instrument
(PerkinElmer, Waltham, MA) equipped with Living Image
software (Small Animal Imaging Core Facility; University of
Iowa). The fluorescence intensities of the ZA/AF647-ZOL/
PLGA-coated screws, uncoated screw, and remaining coating
solution were determined after the dip-coating process was
completed. Since the screw was laid on its side when being
imaged, the value for the fluorescence intensity was doubled to
account for the fact that only half of the screw was visible to
the camera. These intensity values were compared to that
obtained from imaging AF647-ZOL in water solutions with
known concentrations ranging from 0.211 ng/mL to 0.132 μg/
mL along with a blank containing only Nanopure water. These
samples were used as references against which the screw and
coating solution samples could be compared in order to
determine the amount of drug deposited onto the screw
surface. The absorbance wavelength used was 620 nm, and the
emission wavelength measured was 670 nm. The data was
plotted using GraphPad Prism version 9.0.0.
2.10. Release Study Using AF647-ZOL/PLGA-Coated

Screws. In order to determine the release profile for AF647-
ZOL/PLGA-coated screws, six screws were dip-coated using
the above-mentioned coating technique. After overnight air
drying, each screw was placed into a 24-well plate (1 screw/
well) and 600 μL of PBS was added to each well with the plate
left stirring at room temperature. At each predetermined time
point, the entirety of the release media was removed from the
well and replaced with fresh media. The amount of drug
released at each time point was measured using fluorescence
spectroscopy (SpectraMax M5 multimode plate reader;
Molecular Devices, San Jose, CA) by adding 100 μL of each
sample to a black clear optical bottom 96 well plate
(ThermoFisher Scientific). The fluorescence intensities of
these samples were used to determine the sample’s drug
content by comparing it to a standard curve of known AF647-
ZOL concentrations ranging from 0.016 to 0.258 μg/mL. The
absorbance wavelength used was 648 nm, and the emission
wavelength measured was 666 nm. The data from the release
study are reported as the cumulative amount of AF647-ZOL
released from all six coated screws versus time and were
plotted using GraphPad Prism version 9.0.0.
2.11. Animal Study Protocol. The comparative effective-

ness of the ZA/PLGA coating versus PLGA only and uncoated
screws was evaluated using a rat model. All animal experiments
were done in accordance with the University of Iowa
Institutional Animal Care and Use Committee. Twenty-four
male 17 week old Sprague−Dawley rats with weights ranging
from 369 to 408 g were utilized for our experiments. They
were housed two per cage and maintained in a controlled
environment. All animals had unrestricted access to food and
water.
2.11.1. Screw Implantation Surgery. The procedure for

implant placement was similar to that used in the
literature.35,59,60 Briefly, using anesthetized rats, an 10 mm
incision was made on the craniomedial aspect of the proximal
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tibia, and blunt dissection was performed to expose the bone.
A 1.1 mm diameter hole was drilled into the tibia using a 1.1 ×
100 mm2 drill bit. One of three titanium implants was screwed
into the right tibia. The rats were randomly placed into one of
three groups, namely, uncoated bare metal screw, PLGA
polymer only coated screw, or ZA/PLGA-coated screw with
eight animals in each group. Once screws were implanted, 4−0
Vicryl absorbable sutures (Ethicon, Somerville, NJ) were
subcutaneously placed to close the incision. Animals were
monitored for the duration of the 8 week experiment.

2.11.2. MicroCT Imaging. After 8 weeks, the animals were
euthanized, and in vivo three-dimensional (3D) imaging was
performed on all the animals using microCT (Bruker Biospin
SkyScan 1176; Billerica, MA). In 3D, the spatial resolution was
9 μm. The system source was set to 65 kV, 385 μA, and 1037
ms exposure. A Dell Workstation R5500 mounted inside the
scanner was used for acquisition control and 3D reconstruction
(Windows 7 Professional, 64-bit). NRecon software was
utilized for reconstruction (Modified Feldkamp multislice
volumetric reconstruction algorithm for single slice or full cross

Table 1. Sample Concentrations and %EE Values for Four Representative Batches of ZA/Ca/DOPA Composites, the ZA/
AF647-ZOL/Ca/DOPA Composites Used for IVIS Imaging, and the AF647-ZOL/Ca/DOPA Compositesa

composite sample
ZA concentration of composite suspension

(μg/mL) %EE for ZA
AF647-ZOL concentration of composite

suspension (ng/mL)
%EE for AF647-

ZOL

ZA/Ca/DOPA Batch 1 379.3 ± 2.0 19.35 ± 0.10 N/A N/A
ZA/Ca/DOPA Batch 2 272.7 ± 8.2 13.92 ± 0.42 N/A N/A
ZA/Ca/DOPA Batch 3 332.0 ± 0.8 16.94 ± 0.04 N/A N/A
ZA/Ca/DOPA Batch 4 299.5 ± 6.3 15.28 ± 0.32 N/A N/A
ZA/AF647-ZOL/Ca/

DOPA
45.9 ± 1.9 6.50 ± 0.003 12.75 1.5

AF647-ZOL/Ca/DOPA N/A N/A 32.28 0.5
aThe ZA concentrations were determined using IE-HPLC and the AF647-ZOL concentration was determined using fluorescence spectroscopy. N/
A indicates measurements that were not applicable for that particular formulation. Data presented as mean ± standard deviation (n = 2) for ZA
concentration of composite suspension and %EE for ZA. For %EE and concentration of AF647-ZOL, n = 1.

Figure 3. Characterization of ZA/Ca/DOPA, ZA/AF647-ZOL/Ca/DOPA, and AF647-ZOL/Ca/DOPA composites. (A) TEM micrographs of a
single batch of ZA/Ca/DOPA composites coated with DSPE-PEG2K with images taken at different magnifications. Scale bars represent 500 nm for
A1 micrograph and 200 nm for A2 and A3 micrographs. (B) Graphs displaying the mean hydrodynamic diameter, PDI, and zeta potential for ZA/
Ca/DOPA, ZA/AF647-ZOL/Ca/DOPA, and AF647-ZOL/Ca/DOPA composites, the latter two being used for IVIS imaging and in vitro release,
respectively. Data are represented as mean ± SD with the individual data points superimposed (n = 3).
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section sized reconstructions) and postcapture image process-
ing. DataViewer software was used for viewing images slice-by-
slice. Two-dimensional MicroCT images were analyzed using
ImageJ image processing software (version 1.8.0; NIH,
Bethesda, MD). MicroCT images were analyzed in their
original 8-bit (grayscale) format without any additional
adjustment. The scale of the images was set based on the
dimensions of the in vivo screw implants with the screw length
being defined as 8.0 mm. Regions of interest (ROIs) were then
manually selected for quantification using polygon selections.
The ROIs were defined as the medullary regions from the
screw crest to the 1 mm distance away from the screw crest;
these ROIs were selected for both the proximal and the distal
aspects of the screw crest. Mean gray value for each sample was
based on the average of total ROI measurements made in the
proximal and the distal aspects of the same sample. GraphPad
Prism software (version 9.4.0; La Jolla, CA) was used to
analyze the measured mean gray values for statistical
differences using one-way analysis of variance (ANOVA),
and subsequently Tukey’s posthoc test for comparison
between implant coating types.
2.11.3. Histology. First, the screws were removed from the

tibiae of each animal. The bone tissue was prepared for
sectioning by first fixing the tissue for at least 24 h in 10%
neutral buffered formalin. Then the tissue was rinsed with
distilled water multiple times for 30 min and underwent a
decalcification step using 5% formic acid to avoid torn or
ragged sections during the microtome process. The tissue was
then left in the decalcification solution, and this was changed at
least every other day until no residual calcification could be
detected using the Faxitron OR Specimen Radiography System
(Hologic, Marlborough, MA). Once decalcification was
complete, the tissue was rinsed again with distilled water and
stored in 70% alcohol. The decalcified and paraffin embedded
tissues were sliced in the coronal plane using a microtome,
then mounted and stained with Masson’s Trichome and
hematoxylin and eosin (H&E) stains. The bright field images
were used to assess new bone growth.

3. RESULTS AND DISCUSSION
3.1. Characterization of ZA/Ca/DOPA, ZA/AF647-

ZOL/Ca/DOPA, and AF-ZOL/Ca/DOPA Composites. The
ZA drug contents of the ZA/Ca/DOPA and ZA/AF647-ZOL/
Ca/DOPA composites were assessed using IE-HPLC. The
concentration of ZA in the ZA/Ca/DOPA composites
suspension used as a coating solution for the in vivo study
was 682.7 μg/mL, while for the ZA/AF647-ZOL/Ca/DOPA
composites suspension used as a coating solution for IVIS
imaging, the concentration of ZA was 45.9 μg/mL. Since the
ZA/Ca/DOPA composites used for the in vivo study were a
combination of 11 batches of composites, the %EE was
calculated for four representative batches of ZA/Ca/DOPA
composites (Table 1). The quantified ZA concentrations in
these four representative batches ranged from 272.7 to 379.3
μg/mL, and the %EE values for these representative batches
ranged from 13.92 to 19.35%. TEM was used to characterize
the morphology of the ZA/Ca/DOPA composites.

TEM micrographs of the ZA/Ca/DOPA composites showed
that they were spherical, uniform and polydisperse (Figure
3A). Most of the composites had a size of ∼50 nm, with a few
larger spherical composites of ∼200 nm in diameter. These
images confirmed the size distribution indicated by the
Zetasizer measurements for these composites.

The AF647-ZOL concentrations for the ZA/AF647-ZOL/
Ca/DOPA composites used for IVIS imaging and the AF647-
ZOL/Ca/DOPA composites used for the in vitro release study
were characterized by comparing the fluorescence of the
DSPE-PEG2K-coated samples to a standard curve of aqueous
AF647-ZOL solutions with known concentrations ranging
from 0.016 to 0.258 μg/mL, as well as a sample of Nanopure
water alone as a blank (Figure S1). The AF647-ZOL
concentrations were found to be 12.75 and 32.28 ng/mL for
the ZA/AF647-ZOL/Ca/DOPA and AF647-ZOL/Ca/DOPA
composites, respectively. The %EE for the ZA encapsulation
within the ZA/AF647-ZOL/Ca/DOPA composites was found
to be 6.5%. The %EE values for the AF647-ZOL encapsulation
for the ZA/AF647-ZOL/Ca/DOPA and AF647-ZOL/Ca/
DOPA composites were 1.5 and 0.5%, respectively (Table 1).
The decreased encapsulation efficiency for the composites
which included the AF647-ZOL compound can be attributed
to the fact that the AF647-ZOL compound is significantly
larger in size compared to ZA. This difference would hinder
the ability to load the compound into RMs. The original RM
protocol did not load AF647-ZOL into the composite, but
instead, simply injected it in conjunction with the ZA/Ca/
DOPA composites at a concentration of 2% (w/w) compared
to the ZA added.53 The synthesis of these ZA/AF647-ZOL/
Ca/DOPA and AF647-ZOL/Ca/DOPA is a novel protocol, so
no previously published results are available in the literature.

The Zetasizer Nano ZS particle analyzer was used to
determine the hydrodynamic diameter, PDI, and zeta potential
for the ZA/Ca/DOPA composites, as well as the ZA/AF647-
ZOL/Ca/DOPA and AF647-ZOL/Ca/DOPA composites
(Figure 3B). The mean hydrodynamic diameter, PDI, and
zeta potential for the ZA/Ca/DOPA composites were 93.7 ±
3.6 nm, 0.543 ± 0.122, and −0.004 ± 0.052 mV, respectively.
The ZA/AF647-ZOL/Ca/DOPA composites had mean
hydrodynamic diameter, PDI, and zeta potential values of
232.0 ± 6.2 nm, 0.443 ± 0.017, and −27.57 ± 0.23 mV,
respectively. The AF647-ZOL/Ca/DOPA composites had
mean hydrodynamic diameter, PDI, and zeta potential values
of 198.1 ± 9.3 nm, 0.444 ± 0.008, and −28.10 ± 0.46 mV,
respectively. The increased size of the ZA/AF647-ZOL/Ca/
DOPA and AF647-ZOL/Ca/DOPA composites is likely due
to the significantly increased size of the compound being
loaded, compared to ZA. The negative charges of the
composites were caused by the presence of several sulfonic
acid (SO3H) functional groups branching out from the
AlexaFluor647 probe. Likely they were strong enough to
overcome the net neutral charge of the DSPE-PEG2K, thus the
net neutral lipid was not as effective at neutralizing the overall
charge of those composites compared to the ZA/Ca/DOPA
composites.
3.2. Coating Composition and Technique. ZA/AF647-

ZOL/Ca/DOPA, AF647-ZOL/Ca/DOPA, and ZA/Ca/
DOPA composites were used to make coating solutions
using the coating composition protocol previously described in
section 2.8. Using IE-HPLC and fluorescence spectroscopy the
concentrations of each compound in their respective coating
solutions were calculated. The ZA/AF67-ZOL/PLGA coating
solution had a ZA concentration of 15.3 μg/mL and an AF647-
ZOL concentration of 4.25 ng/mL. These values equate to an
AF647-ZOL/ZA (μg/μg) ratio of 0.00027. The AF67-ZOL/
PLGA coating solution had an AF647-ZOL concentration of
10.76 ng/mL. The ZA/PLGA coating solution had a ZA
concentration of 227.6 μg/mL. These three coating solutions
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were used to successfully coat model titanium screws for in
vitro and in vivo studies.
3.3. IVIS Imaging ZA/AF647-ZOL/PLGA-Coated

Screws. In order to confirm successful ZA drug deposition
onto coated screws, IVIS imaging (Figure S2A) was used to
determine the fluorescence intensity of an uncoated screw,
coated screw, remaining coating solution after the dip-coating
process, and several aqueous AF647-ZOL solutions with
concentrations ranging from 10.55 ng/mL to 0.13 μg/mL,
which were plotted into a standard curve (Figure S2B). The
volumes of each of the standard solutions was kept constant at
200 μL; therefore, the amount of AF647-ZOL in each sample
was easily calculated. The amount of AF647-ZOL that was
coated onto the screw was deduced to be 0.48 ng. These
results demonstrate that the drug, as well as the PLGA
polymer, were successfully deposited onto the screw surface.
By using the fluorescently labeled version of the compound, at
least 0.48 ng of the AF647-ZOL was deposited onto the screw
surface. Since the ratio of AF647-ZOL:ZA for the ZA/AF647-
ZOL/Ca/DOPA composites was found to be 0.00027, this
would mean that there was approximately 1.78 μg of ZA
deposited onto the screw surface.
3.4. Release Study using AF647-ZOL/PLGA-Coated

Screws. The release of AF647-ZOL from six AF647-ZOL/
PLGA-coated titanium screws individually submerged in PBS
was measured over the course of 1 month. The cumulative
AF647-ZOL release profile obtained from the study results are
shown in Figure 4. The release profile was biphasic, with an

initial burst release of 0.47 μg occurring within 48 h, followed
by a gradual sustained release of approximately 0.8 μg of
AF647-ZOL over the remaining 528 h. The cumulative
amount of AF647-ZOL that was released from the coated
screws reached 1.31 μg by the end of the study, with 30% of
that amount being release within the first 48 h. The burst
release was likely due to ZA present at the surface of the screw
coating. Ideally, zero order release kinetics are generally
desired, and a preincubation step (e.g., in sterile saline), prior
to implanting the screw may result in reducing the burst
release and thus warrants future investigation.

3.5. Animal Study Results. 3.5.1. MicroCT Imaging.
MicroCT images of the animals were obtained after euthanasia
at 8 weeks. Figure 5A shows representative microCT images
for one animal per group. From the microCT results, it was
seen that the animals implanted with ZA/PLGA-coated screws
showed new bone growth in the medullary cavity of the rat
tibiae. This effect was not seen for the uncoated or PLGA only
coated groups. Figure 5B shows the quantification of the
microCT images using ImageJ in terms of mean gray values in
the medullary regions in the 1 mm vicinity of the screw crest.
The measured mean gray values represent the extent of new
bone growth in the regions with the animals implanted with
ZA/PLGA-coated screws exhibiting significantly more bone
growth in the medullary cavity than the animals implanted with
the uncoated screws or the PLGA only coated screws. The fact
that new bone was clearly evident in the ZA/PLGA animals is
a positive indication that there was enough of the drug
remaining at the site to promote bone growth around the
implant site.
3.5.2. Histology. Histological images were taken after

staining tissues with Masson’s trichome and H&E stains
(Figure 5C). The Masson’s trichome stain is used to
distinguish osteoid seams and muscle (red) from mineralized
bone (blue), and nuclei (dark gray). The H&E stains the
nuclei blue/purple while the cytoplasm and different tissues
and cell components are colored various shades of pink.
Histological results for the rats given the uncoated screw
showed bone loss at the site of the screw implant. There was
significant loss of bone at the internal spongy bone of the
medullary cavity, cortex, and external periosteum due to the
implant. The animals implanted with the PLGA only coated
screw showed normal spongy bone within the medullary cavity
and increased mineralized bone growth at the cortex and
periosteum within the implant site area, compared to the
uncoated screw samples. The animals implanted with the ZA/
PLGA-coated screw displayed new bone growth, which was
distinct from the naturally occurring medullary cavity spongy
bone but instead resembled the cortical bone. This mineralized
bone growth spread throughout the length of the medullary
cavity toward the periosteum along the region where the
implant was present. The animals implanted with the ZA/
PLGA-coated screws were the only animals that showed new
bone growth around the implant site which confirmed the
results seen from the microCT images.

4. CONCLUSIONS
In this work, ZA/Ca/DOPA, ZA/AF647-ZOL/Ca/DOPA,
and AF647-ZOL/Ca/DOPA composites were successfully
synthesized using the reverse emulsion method, yielding
nanosized composite particles with mean hydrodynamic
diameters ranging from ∼90−230 nm, depending on the
type of zaledronate compound loaded. The composites were
dispersed in a PLGA solution and subsequently coated onto
titanium screws, conferring a desired sustained release profile
of AF647-ZOL over 1 month in vitro with a minimal burst
release of the coated AF647-ZOL over the first 48 h of the in
vitro release study. An in vivo study showed that the ZA/
PLGA-coated screws promoted new bone growth in the
medullary cavity of the rats’ tibiae as opposed to the evident
bone loss in the implant area in the case for uncoated screws.
The promotion of local medullary bone growth by the ZA/
PLGA-coated screws signifies local release of zoledronate and
suggests a potential for their use as novel coated bone implants

Figure 4. In vitro cumulative release study. Six AF647-ZOL/PLGA-
coated screws were individually placed into a 24-well plate and left in
600 μL of PBS over one month. Measurements were made as
described in section 2.10. Data are represented as mean ± SD (n = 6).
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to improve osseointegration. The use of PLGA as a coating
medium also allows for the possibility of incorporating other
therapeutic agents into the coating to improve bone
regeneration and osseointegration, and allows for the
opportunity to optimize the release rate by adjusting the
polymer’s lactic acid to glycolic acid ratio. Future studies and
ongoing studies may involve investigating alternative coating
methods, such as electrospray deposition, plasma spraying,
electrophoretic deposition, or pulsed laser deposition, to
further fine-tune the release of zoledronate from the coating
layer. Additional biomechanical studies to measure the
osteointegration of the coated screws, such as pull-out force
and removal torque experiments, would provide valuable
information to further characterize the benefits of this novel
coating. As OA usually occurs in the load-bearing joints such as
the knee and the hip, subsequent studies should consider the
use of loaded models for the assessment of osseointegration to
better represent the clinical settings of joint arthroplasty in OA.
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