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ABSTRACT: The aim of this study was to develop a formulation with a sustained intra-articular release of the anti-inflammatory
drug tacrolimus. Drug release kinetics from the prepared tacrolimus loaded monodisperse biodegradable microspheres based on
poly(D-L-lactide-PEG)-b-poly(L-lactide) multiblock copolymers were tunable by changing polymer composition, particularly
hydrophobic−hydrophilic block ratio. The monospheres were 30 μm and released the drug, depending on the formulation, in 7
to >42 days. The formulation exhibiting sustained release for 1 month was selected for further in vivo evaluation. Rat knees were
injected with three different doses of tacrolimus (10 wt %) loaded monospheres (2.5, 5.0, and 10 mg), contralateral control knees
with saline. Micro-CT and histology showed no negative changes on cartilage, indicating good biocompatibility. Minor
osteophyte formation was seen in a dose dependent fashion, suggesting local drug release and therapeutic action thereof. To
investigate in vivo drug release, tacrolimus monospheres were injected into horse joints, after which multiple blood and synovial
fluid samples were taken. Sustained intra-articular release was seen during the entire four-week follow-up, with negligible systemic
drug concentrations (<1 ng/mL), confirming the feasibility of local intra-articular drug delivery without provoking systemic
effects. Intra-articular injection of unloaded monospheres led to a transient inflammatory reaction, measured by total synovial
leucocyte count (72 h). This reaction was significantly lower in joints injected with tacrolimus loaded monospheres, showing not
only the successful local tacrolimus delivery but also local anti-inflammatory action. This local anti-inflammatory potential
without systemic side-effects can be beneficial in the treatment of inflammatory joint diseases, among which is osteoarthritis.

KEYWORDS: monodisperse microspheres, intra-articular, in vivo release, tacrolimus, biodegradable polymers

■ INTRODUCTION
Osteoarthritis is a common joint disease with a complex,
multifactorial pathogenesis that causes pain and loss of joint
function in patients. The disequilibrium between anabolic and
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catabolic activities leads to up-regulation of catabolic enzymes
and pro-inflammatory cytokines, eventually resulting in
cartilage breakdown and joint destruction.1,2 No disease
modifying osteoarthritic drugs are yet available, and the current
standard of care consists largely of pain management using oral
medication.3 Consequently, there is a constant search for new
treatment options. A potential drug for osteoarthritis is
tacrolimus (FK506, Figure 1), a calcineurin inhibitor that has
been used as an immunosuppressant in transplantation surgery
to prevent graft rejection.4,5 Tacrolimus has also shown to be a
treatment option for patients with active rheumatoid arthritis, a
chronic systemic inflammatory disease leading to joint
destruction.6 In patients with rheumatoid arthritis, synovial
fluid concentrations of catabolic (inflammatory) cytokines such
as TNF (tumor necrosis factor), IL-1b (interleukin 1), and IL-6
(interleukin 6), and several matrix metalloproteinases (MMPs)
are elevated.7 Although the pathogenesis of osteoarthritis has
not been fully unraveled and the stimuli leading to the initial
onset are different from rheumatoid arthritis, the process of
cartilage degeneration involves the same loop of cytokines and
MMPs as seen in rheumatoid arthritis, and synovial
inflammation is also common in osteoarthritis.8−11 The
suppressive effect on catabolic cytokines of tacrolimus as well
as of another (less potent) calcineurin inhibitor such as e.g.
cyclosporin-A has been demonstrated both in vitro12,13 and in
vivo.14−16 It has also been shown that calcineurin inhibition
leads to less cartilage destruction in rheumatoid arthritis of in
vivo animal models.13,17,18 It is likely that this encouraging
effect is (partially) achieved through the suppression of the
catabolic cytokines and that a similar positive effect can be
accomplished in osteoarthritis. Furthermore, calcineurin
inhibition induced chondrogenic differentiation of clonal
mouse embryonic carcinoma cells19 and improved regeneration
of cartilage defects,13 which is likely related to its stimulation of

endogenous TGFb.15 These features potentially pose great
opportunities for cartilage regeneration and the treatment of
osteoarthritis. However, oral administration of tacrolimus in
doses high enough to reach therapeutic levels in the knee joint
is problematic due to the presence of severe toxic side effects,
especially renal toxicity, which makes monitoring of the
concentration of tacrolimus in blood important.20 Further,
the mean oral bioavailability is ∼25% and also is highly variable
(5−93%),21 which is a serious drawback for the clinical
application of this drug. Tacrolimus is hence a very attractive
drug for local intra-articular sustained delivery, as it is a potent
immunosuppressor with low aqueous solubility and poor and
strongly variable oral bioavailability.22−24 To circumvent the
problems encountered with oral administration, the best option
would be to administer tacrolimus directly to the joint via intra-
articular injections. This route of drug administration has,
however, major disadvantages because the intra-articular drug
turnover is rapid,25−27 necessitating repeated intra-articular
injections which carry the risk of cartilage damage and/or
infections and are not patient friendly.25,26,28,29 The osteo-
arthritis community is therefore urgently seeking for appro-
priate drug delivery systems (DDSs) for local, controlled intra-
articular delivery of therapeutic drugs with sustained drug
retention times.30−34 We previously showed the suitability and
potential capacity of monospheres (microspheres with a narrow
particle size distribution) based on poly(D-L-lactide-PEG)-b-
poly(L-lactide) multiblock copolymers due to their excellent
intra-articular biocompatibility and their retention in the knee
joint for several weeks.35 These polymers are composed of a
semicrystalline (poly(L-lactide)) and an amorphous (poly(D-L-
lactide-PEG)) block, allowing a more controlled polymer
swelling and sustained drug release kinetics than the commonly
used PLGA, where dugs are released in a bi- or triphasic
manner due to its degradation properties.36,37

Figure 1. Chemical structure of tacrolimus38 and its tautomers as reported by Akashi et al.39 Reproduced with permission from ref 39. Copyright
Elsevier.
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In this study, we investigated the potential of poly(D-L-
lactide-PEG)-b-poly(L-lactide)-based monospheres for intra-
articular drug delivery of tacrolimus as potential formulation for
clinical treatment of osteoarthritis. We therefore developed and
characterized a suitable tacrolimus-loaded monosphere for-
mulation and investigated its intra-articular biocompatibility
and bioactivity and in vivo release kinetics in both rats and
horses.

■ MATERIALS AND METHODS
Materials. Tacrolimus (FK506) was purchased from LC

Laboratories. [PDLA−PEG1000]−b-[PLLA] multiblock copolymers
were synthesized by InnoCore Pharmaceuticals as described
previously.35 In short, low molecular weight poly(L-lactide) [PLLA]
(Mw 4000 g/mol) and poly(D-L-lactide)-polyethylene glycol1000-
poly(D-L-lactide) [PDLA−PEG1000] (Mw 2000 g/mol) prepolymers
were synthesized by standard stannous octoate catalyzed ring-opening
polymerization. PLLA and PDLA−PEG1000 prepolymers were then
chain-extended in dioxane using 1,4-butanediisocyanate to yield
xx[PDLA−PEG1000]−yy[PLLA] multiblock copolymers with
[PDLA−PEG1000]/[PLLA] block ratios (xx/yy) of 10/90, 16/84,
and 20/80 (%w/w). The characteristics of the polymers used in this
study are shown in Table 1. The number-average molecular weight
(Mn) and the weight-average molecular weight (Mw) of synthesized
polymers were determined as described previously.35

Poly(vinyl alcohol) (PVA, molecular weight 13−23 kDa), sodium
dodecyl sulfate (SDS), acetone, sodium chloride (NaCl), and
phosphoric acid were purchased from Sigma-Aldrich (Zwijndrecht,
The Netherlands). Carboxymethyl cellulose (CMC, type 7HF-PH)
was purchased from Aqualon (Barendrecht, The Netherlands).
Dichloromethane (DCM, p.a. stabilized with EtOH), dimethyl

sulfoxide (DMSO), sodium azide (NaN3), Brij-35, and Tween-20 were
purchased from Across (Geel, Belgium). Ultrapure water was
purchased from B. Braun Medical B.V. (Oss, The Netherlands).
Mannitol was purchased from Fagron (Barbsbütel, Germany).
Hyaluronidase and ascomycin were both purchased from Sigma-
Aldrich (Zwijndrecht, The Netherlands). Hexabrix 320, a clinical
iodine-based contrast agent, was obtained from Guerget, The
Netherlands. All reagents were used as received. Saline was purchased
from Gibco (Bleiswijk, The Netherlands).
Preparation of Tacrolimus Loaded Microspheres. Micro-

spheres with a target diameter of 30 μm and with a narrow size
distribution (referred to as “monospheres”) were prepared under best
clean conditions by a membrane emulsification-based solvent
extraction/evaporation process using microfabricated microsieve
membranes with uniformly sized pores of 20 μm (Iris-20) (Nanomi
BV, The Netherlands) as described in detail elsewhere.30 Selection was
based on findings of our previous study35 in which this size showed to
be most suitable for intra-articular delivery due to its retention for
several weeks and only limited phagocytosis.35 In short, 50 mg of
tacrolimus and 450 mg of the respective polymer were codissolved in
1.5 mL of dichloromethane (DCM) to obtain a 20% w/w polymer

solution followed by filtration through a 0.2 μm PTFE filter. Using 35
mbar air pressure, the filtered polymer solution was processed through
the microsieve membrane into a sterile aqueous solution containing
4% w/v PVA and 5% NaCl. The formed emulsion was stirred for 3 h
at room temperature to extract and evaporate DCM. Hardened
monospheres were collected by centrifugation, washed twice with
demiwater and twice with 0.05% w/v aqueous Tween 20 solution, and
finally lyophilized. Prior to intra-articular injection in rats, mono-
spheres were reconstituted in injection medium (0.4 wt % CMC, 0.1
wt % Tween 20, and 5.0 wt % mannitol sterile solution). For injection
in horses, the microspheres were reconstituted in saline.

Microsphere Characterization. Monospheres were visually
examined by optical microscopy. Particle size was determined by
dispersing 5−10 mg of monospheres in 50−100 mL of electrolyte
composition solution (Beckman Coulter, Woerden, The Netherlands)
and measuring the particle size distribution (PSD) with a Multisizer 3
Coulter Counter (Beckman Coulter, Woerden, The Netherlands)
equipped with a 200 μm measuring cell. The volume average particle
size (D50) and coefficient of variance (CV%) were determined from
the PSD. Surface morphology of the monospheres was assessed by
scanning electron microscopy (JCM-5000 Neoscope, Jeol, Germany).
Samples were sputtered with a thin layer of gold using the JFC
Neocoater (Jeol, Germany).

To determine the drug content of the obtained microspheres, 10
mg monospheres was incubated in 1.0 mL of an acetone−ethanol
mixture (2:1) for 1 h at room temperature to extract Tacrolimus.
Previously conducted experiments in our lab confirmed that 1 h was
sufficient to fully extract the loaded drug (extraction and HPLC
methods for tacrolimus quantification after extraction are shown in
Supporting Information). A 0.9 mL aliquot was withdrawn and
replaced by 0.9 mL of a 5 w/v% Brij-35 aqueous solution to preserve
the stability of the dissolved drug and avoid its tautomerization. The
0.9 mL withdrawn samples showed no recovered drug. Avoiding
tautomerization39 was important to avoid peak shifting and erroneous
integration during analysis. The tautomers have a different retention
time and less stability, which could lead to less recovery of the drug.
These samples containing Brij solution were then centrifuged at
15 000 rpm for 5 min, and the tacrolimus-containing supernatant was
subsequently filtrated through a 0.2 μm filter to prevent blocking of
the column. The drug concentrations determined by HPLC are
described below.

The drug loading and encapsulation efficiency (EE) was calculated
as follows:

(1) Drug loading (%) = (drug mass in the monospheres/mass of
monospheres) × 100%.

(2) Encapsulation efficiency (EE) (%) = (drug loading experimental/
drug loadingtheoretical) × 100%.

The concentration of tacrolimus in the different samples was
determined by RP-HPLC using an Alliance 2695 HPLC system
(Waters Chromatography BV, The Netherlands) equipped with a UV/
vis detector PDA 2998 (Waters Chromatography BV, The Nether-
lands). A C18 Waters Xterra LC/MS reversed phase column (3.5 μm
150 × 4.6 mm column) at a temperature of 50 °C was used in isocratic
mode using 70/29/1 v/v/v acetonitrile/water/phosphoric acid using a
flow rate of 1.7 mL/min. Detection of tacrolimus was done
spectrophotometrically at a wavelength of 210 nm. A calibration
curve of tacrolimus in the range of 0.1−120 μg/mL was prepared using
the acetone/ethanol (2:1) mixture system as described before. The
calibration standards and samples were stabilized in a 5 w/v% Brij-35
solution to avoid tacrolimus tautomerization prior analysis.39

Tacrolimus monospheres (5−10 mg) were suspended in 2 mL of
100 mM PBS + 0.1 wt/v % SDS (added to allow resuspension of
monospheres, avoid caking, and solubilize the released drug, pH 7.4)
in glass tubes that were placed in a shaking water bath thermostated at
37 °C. At predetermined time intervals 1.8mL of release buffer was
drawn and replaced by 1.8mL fresh buffer. From the drawn samples,
tacrolimus concentration was determined by HPLC as described
before. Sink conditions were maintained by refreshing 90% of the
release buffer after each sampling point.

Table 1. Properties of xx[PDLA−PEG1000]−yy[PLLA]
Multiblock Copolymers Used in the Present Study

#
polymer

composition

PEG
content
(wt %)

Mw
(Da)

Mn
(Da)

Tg
(°C)

Tm
(°C)

ΔHm
(J/g)

1 10[PDLA−
PEG1000]−
90[PLLA]

5 49 600 28 800 55 136 67.5

2 16[PDLA−
PEG1000]−
84[PLLA]

8 36 100 17 700 42 130 41.9

3 20[PDLA−
PEG1000]−
80[PLLA]

10 33 600 19 200 39 130 43.9
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Residual DCM content of lyophilized microspheres was determined
by GC-FID using a TraceGC gas chromatograph (Thermo Finnigan,
Rodano, Milan, Italy) equipped with a CombiPal headspace module
(CTC Analytics AG, Zwingen, Switzerland) and an Agilent Column,
DB-624/30 m/0.53 mm and using dichloromethane standards in
dimethyl sulfoxide in the range of 0−2000 ppm. Endotoxin
concentrations in the different microsphere batches was performed
by Limulus amoebocyte lysate assay according to the chromogenic end
point standard procedure with a lower limit of detection of 0.05 EU/
mL.40

In Vivo Biocompatibility Study in Rats. The Animal Ethics
Committee of the Erasmus Medical Center, Rotterdam, The
Netherlands, approved all procedures (agreement number EMC2255-
(116-11-02). A total of 20 16-week-old (400−450 g) male Wistar rats
(Charles River Nederland BV, Maastricht, The Netherlands) were
housed in the animal facility of the Erasmus Medical Center with a 12-
h light-dark regimen at 21 °C. Animals were fed standard food pellets
and water ad libitum. Experiments started after an acclimatization
period of 2 weeks. For the first experiment, in which we assessed in
vivo biocompatibility of tacrolimus loaded monospheres, all rats
received an IA injection of 50 μL tacrolimus microsphere dispersion in
saline (n = 5 low dose, n = 5 medium dose, n = 5 high dose) in the left
knee; contralateral 50 μL of saline was injected and served as a control.
The different groups represent the following injected dosages. Low
dose: 2.5 mg monospheres (8.8% loading) containing a total of 220 μg
tacrolimus; medium dose: 5 mg monospheres (8.8% loading)
containing a total of 440 μg tacrolimus; and high dose: 10 mg
monospheres (8.8% loading) containing a total of 880 μg tacrolimus.
Micro-CT scans of all knees were acquired at 3 different time points (t
= 0, t = 6, and t = 12 weeks) as specified below. Following the last
scan, knees were harvested, and EPIC μCT-scanning was performed at
18 μm resolution as a quantitative measure of sulfated glycosamino-
glycan content in the cartilage41−44 followed by histology. The tissue
surrounding the injected rat knees, including synovial tissue, was
harvested after the last μCT scan and used to evaluate possible
remains of monospheres and tacrolimus locally. For this, the samples
were vacuum-dried at 30 °C overnight. Presence of monospheres was
evaluated by scanning electron microscopy, and remaining tacrolimus
was extracted and detected through the use of HPLC as described in
the Supporting Information (Figure S.1 and S.2). At 0, 6, and 12
weeks, the weight of the rats was measured as a clinical outcome
parameter for systemic toxicity of the drug. Only for the weight
experiment, as a negative control, a group of n = 10 rats (equal in
strain, gender, and age) was used. These rats were treated with a daily
oral dosage of 3.2 mg tacrolimus/kg bodyweight (suspended in NaCl
0.9%/ethanol), a proven tolerated dose.45 As a positive control for all
experiments, a group from a previously conducted study, consisting of
rats of the same strain, age, and gender but with osteoarthritic knee
joints46 was used.
μCT scans of both knees from all groups were performed to

measure bone changes at the three time points (t = 0, 1, and 6 weeks).
Scans were made using an in vivo scanner (Skyscan model 1176,
Skyscan, Kontich, Belgium). Rats were placed in a custom-made
scanner bed under isoflurane anesthesia, fixing the hind limb in
extended position. Scanner settings were the following: isotropic voxel
size of 18 μm, 67 kV, 380 mA, 35 mm field of view, 1.0 mm Al filter,
0.5 rotation step over 198°, frame averaging of 2.
Following the last in vivo μCT scan, EPIC-CT scanning

(equilibrium partitioning of an ionic contrast agent) of the joints
was performed.43,42 Rats were killed, and the knee joints were
dissected into femur, tibia, and patella with removal of the surrounding
soft tissue. These samples were incubated for 24 h in 40% Hexabrix
solution (Hexabrix 320, Mallinckrodt, Hazelwood, MO, United States)
at room temperature to achieve equilibrium between the contrast
agent and the sGAG (sulfated glycosaminoglycans) content of the
cartilage,47 which is a direct measurement for cartilage quality. The
influx of Hexabrix into cartilage correlates well with the inverse of
sGAG content; therefore, cartilage degeneration is measurable using
μCT (expressed as attenuation).43,44 Samples were scanned using the
following settings: isotropic voxelsize of 18 μm, 60 kV, 170 mA, 885

ms exposure time, 35 mm field of view, 0.5 mm Al filter, 0.8 rotation
step over 198°, frame averaging of 3.

The obtained images were converted into 3D reconstructions using
nRecon version 1.5 (Skyscan). All in vivo bone scan data sets were
segmented with a local threshold algorithm; the tibial epiphysis was
selected, and cortical and trabecular bone were automatically
separated, after which the subchondral plate thickness of the medial
and lateral compartment of the tibial plateau were measured as
described previously.46 In all EPIC-μCT data sets, X-ray attenuation
(arbitrary gray values inversely related to sGAG content) and thickness
(μm) were calculated separately for cartilage of the medial and lateral
tibial plateau.46 Using Skyscan analysis software (CT-An), all data sets
were segmented using a fixed attenuation threshold between air
(attenuation 30) and subchondral bone (attenuation 120). In the
segmented μCT data sets, regions of interest (150 slices) were drawn
around the cartilage of the medial and lateral plateau of the tibia
separately, and for these regions, cartilage attenuation and thickness
(μm) were calculated. As stated before, osteoarthritic knee joints of
rats of the same strain, age, and gender from a previous study were
used in which cartilage damage was generated using a strenuous
running protocol combined with three unilateral i.a. papain injections
as a positive control.46

Following EPIC scans, the knee parts were fixed with formalin,
decalcified, and embedded in paraffin. Six μm sections for histology
were cut sagitally at 300 μm intervals and stained with Safranin-O and
Hematoxylin-Eosin (HE) to assess cartilage quality and synovium
tissue.

Equine in Vivo Study. The study design was approved by the
Ethics Committee on the Care and Use of Experimental Animals of
Utrecht University in compliance with Dutch legislation on animal
experimentation. Three milliliters of saline was used to disperse 200
mg of unloaded monospheres and was administered into the right
middle carpal joint of three healthy horses with normal carpal and
talocrural joints, as determined by radiographic and clinical evaluation.
Three milliliters of saline (control) was injected into the contralateral
middle carpal joint. Additionally, 3 mL of saline was used to disperse
200 mg tacrolimus (8.8% loading; 17.6 mg tacrolimus) loaded
monospheres and was injected into the right talocrural joint. Three
milliliters of saline was injected into the left talocrural joint to serve as
a control. Lameness examinations (scored on a standardized 0 to 5
scale48) were conducted at 0, 8, 24, 72 h and 1, 2, 3, 4 weeks
postinjection. Horses were monitored throughout the study for signs
of discomfort.

From the horses, synovial fluid samples as well as blood samples
were taken at the same predetermined time points when the lameness
examinations were performed (0, 8, 24, 72 h and 1, 2, 3, 4 weeks
postinjection), and tacrolimus concentrations were measured to
establish the local and systemic drug concentrations that were
achieved. To determine the tacrolimus concentrations in whole
blood samples, tacrolimus was extracted as described earlier.39 Synovial
fluid samples were pretreated with hyaluronidase before performing
tacrolimus extraction using the same method. In short, the
precipitation reagent methanol/1.125 M ZnSO4 in water (66/34, v/
v) containing 20 ng/mL ascomycin as internal standard was prepared
immediately before sample preparation. Blood samples (100 μL) were
transferred into a 1.5 mL test tube, and 200 μL precipitation reagent
was added. Samples were subsequently vortexed for 30 s and left 5 min
at room temperature. After being vortexed for an additional 5 s, the
tubes were centrifuged for 10 min at 15 000g at 4 °C. The supernatant
was transferred into an autosampler vial, and a 5 μL sample was
injected onto a HyPURITY C18 (50 × 2.1 mm, particle size of 3 μm)
analytical column (Thermo Fisher Scientific, Utrecht, NL). Separation
was performed at a flow rate of 500 μL/min with a total run time of 3
min. The mobile phases consisted of 10 mM ammonium acetate pH
3.5 in water (A) and 10 mM ammonium acetate pH 3.5 in methanol
(B). Samples were separated using the following gradient A/B vol/vol:
0−0.8 min, 65/35; 0.8−0.9 min, 21/79; 0.9−2.0 min, 21/79 to 13/87;
2.0−2.1 min, 13/87 to 0/100; 2.1−2.6 min, 0/100; 2.6−2.7 min, 0/
100 to 65/35; 2.7−3.2 min, 65/35 at a column temperature of 40 °C.
The first 0.8 min of the column effluent was discarded to prevent
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nonvolatile components to enter the ionization interface, where after
the effluent was introduced by an electospray ionization (EPI)
interface (Sciex, Toronto, ON) into a 4000 Q TRAP mass
spectrometer. For maximal sensitivity and for linearity of the response,
the mass spectrometer was operated in multiple-reaction monitoring
(MRM) mode at unit mass resolution. Peaks were identified by
comparison of retention time and mass spectra of standards. For each
component, one ion transition was monitored, ascomycin: 809.5 →
756.5 (collision energy: 21 V), and FK-506:821.5 → 768.4 (collision
energy: 26 V). The following MS parameters were used: curtain gas:
10 psi; ion spay voltage: 5500 V; source temperature: 360 °C; gas flow
1:50 psi; gas flow 2:40 psi; decluster potential: 80 V and entrance
potential: 10 V. Data were analyzed with Analyst software version 1.6.2
(Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands). FK-
506 peak areas were corrected for the ascomycin recovery, and
concentrations were calculated using a FK-506 reference line ranging
from 0.5 ng to 1000 ng/mL which was linear in this range (r =
0.9997).
A second portion of synovial fluid was processed for white blood

cell (WBC) count and total protein measurement, which are known to
be elevated during inflammatory responses.49 The remaining volume
was centrifuged, and the supernatant was stored at −80 °C until
further analysis. Analyses consisted of measuring the glycosaminogly-

can (GAG) concentrations using a modified 1,9-dimethylmethylene
blue dye-binding assay used previously in our laboratory50 and of the
C2C epitope concentration, which are markers for proteoglycan and
collagen damage, respectively.51 All values were compared to saline
injected joints as well as to the response after intra-articular injections
of unloaded monospheres to check for possible anti-inflammatory
action of the locally released tacrolimus.

Statistical Analysis. Differences in μCT data between the
tacrolimus loaded microsphere-injected knees and the contralateral
knees were assessed using type-1, two-tailed, paired t tests. For the
measured weight gain, differences between t = 0 and 6 weeks were
analyzed for each independent group using a paired t test. For the
difference in weight gain (6 w − t = 0) between the different groups, a
one-way ANOVA with a posthoc Bonferroni correction was used. For
all tests, p values <0.05 were considered statistically significant. All data
are presented as mean ± SD.

■ RESULTS AND DISCUSSION

Preparation and in Vitro Characterization of Tacroli-
mus Monospheres. The different tacrolimus loaded micro-
sphere formulations were obtained in a high yield (>75%) with
average particle size in a narrow range from 28−33 μm (see

Table 2. Polymer Composition and Characteristics of Tacrolimus-Loaded Monospheres (Data Acquired by Coulter Counter)

polymer ratio (%) tacrolimus monosphere characteristics

formulation #
20[PDLA−PEG1000]−

80[PLLA]
10[PDLA−PEG1000]−

90[PLLA]
PEG content

(wt %)
average particle size

(μm)
particle size CV

(%)
loading
(EE %)

F1 100 0 10 30.1 14.2 79.3
F2 80 (18) 20 9 28.9 10.4 70.6
F3 70 (17) 30 8.5 29.2 10.9 72.0
F4 60 (16) 40 8 33.4 11.5 72.7
F5 50 (15) 50 7.5 32.0 12.1 70.0
F6 0 100 5 33.2 16.4 80.1

Figure 2. (a) Particle size distribution of tacrolimus loaded monospheres. (b) SEM image of tacrolimus loaded monospheres.
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Table 2 and Figure 2a) and smooth and nonporous surface
(Figure 2b). An encapsulation efficacy of ≥70% tacrolimus was
obtained for the different formulations prepared.
Analysis of the in vitro release of these different formulations

showed that variations in polymer composition allowed tuning
the release kinetics of tacrolimus over a period of 4−6 weeks
(Figure 3). Small variations in the content of the relatively

hydrophilic amorphous block, (PDLA−PEG1000) of the multi-
block copolymer had an impact on the release kinetics of the
tacrolimus loaded monospheres. Tacrolimus was released faster
when there was an increase in this hydrophilic block, most
likely due to greater swelling of the matrix caused by an overall
increase of PEG content within the polymer matrix, which
facilitates diffusion of tacrolimus out of the polymer.35

Tacrolimus is most probably released by a combination of
diffusional and polymer degradation mechanisms as well as
limited solubility of tacrolimus. Formulation F1 with 10 PEG %
(see Table 2) showed a fast and complete release of tacrolimus
within 7 days. In contrast, formulation F6 0/100 (having the
lowest PEG content) was extremely stable and showed minor
release (≤2.0%) during 42 days. Interestingly, blends of
20[PDLA−PEG1000]−80[PLLA] and 10[PDLA−PEG1000]−90-
[PLLA] in different ratios (Table 2) allowed control of the lag

phase time and release rate, as shown in Figure 3. Monospheres
based on the more hydrophilic 20[PDLA−PEG1000]−80-
[PLLA] polymer with a higher PEG-content showed a faster
release, probably because these particles swell more in buffer,
facilitating the diffusion of tacrolimus to the release medium
and the influx of water to the matrix that promotes its
degradation and pore formation when PEG leaves the
matrix.52−54 Pore formation likely occurred in all formulations;
however, we do not have data about the pore size of the
monospheres during drug release and cannot exclude the fact
that the size of the pores and the rate of their formation would
differ between formulations based on the polymer composition.
Therefore, differences in tacrolimus release rate between
formulations could also be influenced by pore formation.
There is no literature about the in vivo use of tacrolimus for

the treatment of osteoarthritis; therefore, the most ideal release
pattern is not known. Most articles focusing on the treatment
of osteoarthritis via intra-articular drug delivery systems aim at a
sustained release of several weeks33 because shorter release
periods would necessitate multiple injections, which increases
the risk of infection. Based on this information, formulation F4
showed the most suitable profile because it presented a
continuous in vitro release of tacrolimus for over 5 weeks
without showing a burst release. Formulations F1, F2, and F3
showed drug releases that were much faster than our aimed
release period, with >75% being released within the first 10
days. Whereas formulations F5 and F6 were releasing the drug
at a very slow rate, with only <5% of the drug being released
after 42 days; this would lead to minimal local drug
concentrations, which would very likely not be in the
therapeutic range. Therefore, we chose to work with
formulation F4 (blend of ratio of 60:40 of 20[PDLA−
PEG1000]−80[PLLA] over 10[PDLA−PEG1000]−90[PLLA]).
Sixty percent of a polymer containing 20% [PDLA−PEG1000]
and 40% of a polymer containing 10% [PDLA−PEG1000] will
give 16% of this multiblock in the final blend. Hence, a polymer
presenting this ratio (16[PDLA−PEG1000]−84[PLLA]) was
synthesized and used to produce microspheres suitable for in
vivo evaluation. The properties of this polymer are summarized
in Table 1. The decision to synthesize a new polymer instead of
using a blend of the two was made to facilitate easier
manufacturing and up-scaling for clinical translation.
Three batches with the same composition were prepared

under best clean conditions for in vivo evaluation. They had a
residual dichloromethane content of <600 ppm and very low
endotoxins content <0.01 EU/mg, complying with the
acceptance limits for parenteral administration.55 Monospheres
with smooth and nonporous surfaces as observed by SEM
(Figure 4) and with an average diameter between 31.8 and 33.8

Figure 3. In vitro release of different tacrolimus loaded xx[PDLA−
PEG1000]−yy[PLLA] based monospheres (n = 3 per time point).
Composition of each monosphere formulation is shown in Table 2.

Figure 4. SEM picture of 30 μm 16[PDLA−PEG1000]−84[PLLA] monospheres. This picture shows the size uniformity of the batches. Mannitol was
used during the washing and before freezing of the monospheres, explaining the irregularities seen in the picture. The surface of the monospheres
appears smooth and without pores.
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μm (CV 13−21%) were obtained. The size uniformity and
absence of very small and very big microspheres represent
additional advantages because possible particle-induced im-
munoactivation is avoided.56−58 Moreover, more reproducible
and predictable in vivo pharmacokinetics are obtained,56,59 and
injection is less painful due to the possibility to use smaller
needles. The drug encapsulation efficiency was >85%, and the
release kinetics was comparable to the release kinetics observed
for monospheres of the 60:40 blend of 20[PDLA−PEG1000]−
80[PLLA] and 10[PDLA−PEG1000]−90[PLLA] (Figure 5),

showing a lag phase of 1 week followed by a sustained release
for over a period of 5 weeks. This lag phase could have an
impact on the efficacy of tacrolimus in the joint. Nonetheless, it
is known that differences between in vitro and in vivo release
kinetics exist for polymer-based formulations due to the in vivo
environment.60 As a consequence of the presence of enzymes
as well as cellular responses in the tissues, changes of polymer
degradation and overall drug release (e.g., absence of lag phase)
could be expected.58,61 We recently showed in an article
regarding PCLA−PEG-PCLA that after in vivo injection, the
polymer molecular weight decreased, and composition
determined by 1H NMR significantly changed over time during
in vivo degradation. This indicates chain scission at the PEG−
PCLA bonds and dissolution of the PEG-rich chains due to
enzymatic degradation.62 Because of expected differences
between in vitro and in vivo release, an in vivo evaluation is
required to assess the efficacy of the sustained release
formulation. Consequently, further evaluation in two animal
models was undertaken to evaluate the in vivo performance of
the developed monospheres.
In Vivo Tolerance Study in Rats. Neither local toxic

responses (e.g., changed locomotion, joint redness/swelling)
nor systemic effects occurred during the 12-week observation
period after intra-articular injection.
Oral treatment with tacrolimus (Figure 6: oral tacrolimus

(OA)) led to a stagnation of growth (nonsignificant difference
between weight at t0 and after 6 weeks), whereas the intra-
articular administration of tacrolimus loaded monospheres

(Figure 6: i.a. μ-spheres) did not hamper growth of the animals,
indicating the absence of systemic toxic effects when
administering the drug locally. A nonsignificant (only
significant for highest loading) difference between growth of
both OA induced groups (control (OA) and oral tacrolimus
(OA)) versus the healthy animals injected with intra-articular
tacrolimus-loaded monospheres was seen as well, which is likely
due to the retarded growth of animals suffering from pain
caused by OA.
Based on several studies in which oral bioavailability of

tacrolimus was measured in rats,63−65 the oral dosage of 3.2
mg/kg/day would lead to a maximal systemic plasma
concentration of 50 ng/mL, which in a steady state situation
could maximally lead to 50 ng/mL intra-articularly. Those
studies all showed that after oral administration, the plasma
peak concentration occurs within the first 2 h after
administration, followed by a quick decrease to below detection
level (thus <0.3−1.0 ng/mL) within the first 24 h. The total
tacrolimus loads of the intra-articularly administered micro-
spheres were respectively 220 μg (low), 440 μg (medium), and
880 μg (high). These loadings should, after local release, likely
lead to very high intra-articular concentrations compared to
what would be feasible with oral administration with no
systemic side effects (as shown in this study). However, as
sequential synovial fluid sampling is impossible in rats without
greatly influencing the pharmacokinetics of the drug delivery
system, we were not able to generate data regarding this topic.
Therefore, we did these measurements in horses, as described
in In Vivo Tacrolimus Release Kinetics.

Intra-Articular Retention of Monospheres and Tacro-
limus in Rats. In a previous study, it has been shown that
unloaded monospheres retain within the knee joint for at least
three months.35 Here, we examined the period that drug loaded
monospheres retained in the joint and whether sustained intra-
articular presence of the drug could be demonstrated. In
samples of the surrounding tissue, including the synovium
harvested at the 12-week end-point, SEM imaging revealed the
presence of monospheres (see Figure 7a). Also, tacrolimus
could be detected in four out of six samples by UV-HPLC, as
shown by the overlapping chromatogram (Figure 7b). The
sustained release of at least 12 weeks is longer than what would

Figure 5. In vitro release (IVR) kinetics of 7.4−7.9 wt % tacrolimus
loaded monopsheres composed of 16[PDLA−PEG1000]−84[PLLA]
used for in vivo studies and the 60:40 20[PDLA−PEG1000]−
80[PLLA]:10[PDLA−PEG1000]−90[PLLA].

Figure 6. Weight gain of rats injected with intra-articular monospheres
containing a low/medium or high dose of tacrolimus. As a control,
untreated rats with induced OA and animals treated with daily oral
tacrolimus administration (also induced OA) are shown. As can be
seen, the oral treatment with tacrolimus led to a stagnation of growth
(nonsignificant difference between weight at t0 and after 6 weeks),
whereas the intra-articular administration of tacrolimus loaded
monospheres (by which in comparison to the oral administration
much higher intra-articular concentrations could be achieved) did not
hamper growth of the animals.
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be expected from the in vitro release data (Figure 5). However,
it is a well-known phenomenon for polymer-based sustained
release formulations that in vivo and in vitro releases may differ
significantly due to differences in the environmental con-
ditions.60 Anyhow, a longer release is a favorable feature for a
local drug delivery system. The inability to detect tacrolimus in
two of the six samples (1 low dosage, 1 medium dosage) may
be due to either full release or harvesting an insufficient amount
of tissue or tissue from a wrong area because only a part of the
tissue surrounding the joint was used for this analysis.
Intra-Articular Biocompatibility in Rats. Subchondral

Plate Thickness. When longitudinally comparing healthy
control knees (saline injected) to tacrolimus loaded mono-
spheres injected knees, normal gain in subchondral plate
thickness of both the lateral and medial compartment was seen
for all groups, which is related to normal growth of the rat
(Figure 8). In contrast, we also correlated them to values found
for osteoarthritic knee joints of rats (of the same strain, sex, and
age) from a previous study.46 In these rats, the subchondral
bone plate thickness of the medial tibia compartment in OA
knees was slightly reduced after 6 and 12 weeks of follow up,
while for the lateral compartment, the thickness clearly

increased over time compared to healthy control knees (saline
injected).
Osteophytes are bony changes associated with osteo-

arthritis,66,67 and therefore μCT scans were also inspected for
these entities. A dose-dependent effect was seen, with no
osteophyte formation for the lowest dose of tacrolimus loaded
monospheres and some osteophyte formation in all knees
injected with the highest dosage (Figure 10, see μCT in high
dose row). All osteophytes were very small and not visible
during histological evaluation of the joints.

Correlation of Clinical Outcome with Bone Changes.
While there was no significant difference between healthy
(saline injected) and tacrolimus loaded microsphere injected
knees, there seemed to be a dose-dependent trend toward less
increase of subchondral plate thickness for the tacrolimus
loaded microsphere injected knees. This is in agreement with
an earlier study in which we found that orally administered
tacrolimus in an OA model led to a reduction of sclerotic bone
formation, e.g. less thickening of the subchondral plate, when
compared to untreated OA controls.68 Tacrolimus is known to
act directly on osteoclast and osteoblast activity, which can lead
to bone changes. Indeed, tacrolimus was shown to be able to

Figure 7. (a) SEM image of tissue surrounding the knee joint of a rat injected with tacrolimus loaded monospheres 12 weeks after injection.
Monospheres are still present in the joint and are partly taken up by the surrounding tissue. (b) Overlap chromatograms of tacrolimus in retrieved
tissue 12 weeks postinjection. The black line (highest curve) represents a sample of pure FK-506; all other lines are samples derived from the FK506
injected rat joints. Four out of the six harvested knees showed presence of tacrolimus; in the joints of two rats (green and blue line), no tacrolimus
was detected.
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Figure 8. Subchondral plate thickness of knee joints injected with saline (healthy control) or low/medium or high dose of tacrolimus loaded
monospheres. Longitudinal in vivo scanning was performed at t0 (before injection), 6 weeks, and 12 weeks after injection. As a reference, values of
OA knees are also shown. Generalized estimating equations were used to calculate differences between groups and over time; data is shown as mean
± SD, p < 0.05 (*) is considered significant.

Figure 9. EPIC-μCT scanning to determine cartilage thickness (μm) and attenuation (arbitrary units) of knee joints injected with a low, medium, or
high dose of tacrolimus loaded monospheres 12 weeks after injection vs contralateral control knees (co). As a reference, values of OA knees are also
shown. Data are shown as mean ± SD; p < 0.05 is considered significant. *: significant differences were found for all measurements of the OA knees
when compared to the contralateral control knees and when compared to all doses of tacrolimus loaded monospheres.
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induce loss of bone density through antianabolic effects on
osteoblastic cells69 as well as by inhibiting osteoblast differ-
entiation.70,71 In contrast, there are studies suggesting the
opposite, where tacrolimus treatment increased bone formation
in patients with rheumatoid arthritis.72 Further investigation of
this topic is needed to clarify the direct actions of tacrolimus on
bone, but with the doses used in our current study, these
actions are not relevant and were of no concern.
The formation of osteophytes is definitely not a desired effect

and suggests that the medium and higher dosages of tacrolimus
are probably not the best to be used in the treatment of
osteoarthritis. It does, however, in combination with the fact
that the osteophyte formation happened in a dose-dependent
fashion, show that the monospheres are indeed a good drug
delivery system and that the intra-articular administration led to
local dosages (high enough to facilitate an effect) with low
systemic concentrations.
Using EPIC-μCT (Figure 9), we evaluated cartilage

proteoglycan content and its quality. Knee joints injected
with a low, medium, or high dose of tacrolimus loaded
monospheres showed no differences with respect to either
attenuation (cartilage quality) or thickness (cartilage quantity)
when compared to the contralateral control knee. All values
were within the range of what was found for healthy cartilage in
a previous study using the same technique.73 When comparing
our results to the knees in which osteoarthritis was induced in
this same previously conducted study,73 we see that
significantly (p < 0.01) worse attenuation and cartilage
thickness were found.
The histological images correlated nicely to the EPIC-μCT

images (see Figure 10, rows 1 and 2). No differences in Saf-O
staining were found between tacrolimus loaded monospheres
injected knees (low, medium and high dosage) and controls.
Morphologically, the cartilage appeared healthy in all groups.
These results, together with the earlier shown harmlessness of
the intra-articular injection of unloaded monospheres,35 pave

the way to the possible exploration of the effectiveness of the
intra-articular delivery of tacrolimus loaded monospheres for
the treatment of osteoarthritis. However, the caveat with
respect to osteophyte formation (see earlier) suggests the use
of even lower dosages of tacrolimus in future experiments.

In Vivo Tolerance in Horses. There were no signs of
lameness in either the saline injected or the tacrolimus loaded
monospheres injected joints at any of the time points,
indicating that the presence of these monospheres did not
have any negative clinical effect on locomotion. In vivo
tolerance in horses can hence be classified as excellent.

In Vivo Tacrolimus Release Kinetics. From the local
synovial fluid and systemic plasma analyses in the three horses,
we demonstrate that tacrolimus was indeed being released after
the tacrolimus loaded monospheres were injected intra-
articularly (Figure 11). Horse 2 was probably not injected
properly into the joint because tacrolimus was not detected
from 167 h postinjection on. In the other two horses, a
sustained local release (in the synovial fluid) was seen during
the entire follow-up period of 4 weeks (672 h). The three
horses showed measurable systemic concentrations for the first
24 h postinjection that were substantially lower compared to
the intra-articular concentrations at those time points,
indicating that most of the tacrolimus was released locally.
From 72 h after injection until the end of the experiment,
systemic concentrations were below detection limits (<1.5 ng/
mL). Clinically, this was indirectly confirmed by the absence of
any systemic side-effect. In vivo, we did not observe the lag
phase, which was observed during the in vitro release (Figure
5). As stated before, differences between in vitro and in vivo
release kinetics are a well-known phenomenon. Contributing
environmental factors are for instance the different composition
of synovial fluid compared to PBS, which could influence drug
solubility, the presence of proteins/enzymes that may change
polymer degradation properties, and volume available to
dissolve tacrolimus (sink conditions).60,61 To minimize the

Figure 10. Histology and CT images of saline injected knees compared with low, medium, and high doses of intra-articular injected tacrolimus
loaded microspheres. Histologically and based on EPIC scanning, no differences are seen in cartilage thickness and quality. Also, for subchondral
bone thickness, no differences are seen between saline injected or tacrolimus microsphere injected knees. On the right, as a comparison, images of an
osteoarthritic joint are shown. Both cartilage quality and quantity are affected. Also, a difference (be it subtle) can be seen in terms of subchondral
bone thickness of the lateral compartment. The lowest row of this figure shows the osteophyte formation, which is highlighted in red. No osteophyte
formation is seen for the knees injected with saline and the low dose, whereas small osteophytes can be seen for the medium and high dose of
tacrolimus microspheres and the osteoarthritic knee.
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effect of tacrolimus solubility on the release kinetics, in vitro
release experiments were performed under sink conditions. In
vivo, however, solubility might play a role in drug release due to
the limited fluid volume and less predictable replenishment
conditions (synovial fluid turnover). Synovial fluid turnover for
healthy joints takes around 1 h.74 There is no literature yet
about the solubility of tacrolimus in synovial fluid. Clearance of
other substances from the synovial fluid have been tested and
vary from 2 h for proteins to 5 h for NSAIDS.33 Based on this,
we hypothesize that synovial fluid turn-over would not be a key
factor in the in vitro/in vivo differences in release pattern
because clearance of intra-articular drugs appears to happen in a
matter of hours, whereas our in vitro conditions were refreshed
no more than once every 24 h. Restricted amount of synovial
fluid within the joint, however (∼50 μL for rat knees, 2−5 mL
for talocrural horse joints), could have a significant influence on
drug solubility. Although the effects of synovial fluid volume
and turnover are intertwined, and rapid turnover could
diminish the effect of restricted volume, the amount of synovial
fluid could have played an important role in the differences
between in vitro and in vivo tacrolimus release.
In Vivo Bioactivity of Released Tacrolimus. After

injection of the unloaded monospheres in the horse joints, a
transient inflammatory reaction occurred (increased WBC and
total protein in the synovial fluid), which lasted for 72 h, as
reported in our previous study.35 This transient inflammatory

reaction was also observed after the intra-articular injection of
the same amount of tacrolimus loaded monospheres when
compared to joints injected with saline alone. Macrophages
within the synovial lining are activated by the presence of
particles as well as by the (minimal) trauma of injecting the
joint. These macrophages, whose primary role is to maintain
the joint’s homeostasis, attract inflammatory cells (among
which are WBC).75 A short period of leukocytosis (elevated
leucocytes) is part of a healthy immune response. However, a
chronic inflammatory state would eventually lead to a
disruption of the joint’s homeostasis and might cause cartilage
and bone damage, leading to osteoarthritis.76

In a previous study, leucocyte count in synovial fluid of
horses was measured after injection of different actives,
including Hyanote.77 Injection of Hyonate led to increased
leucocyte counts (>1010/L) at 8 and 24 h postinjection, which
returned to normal at 72 h postinjection. Because Hyonate is
clinically approved for intra-articular use in both humans and
horses, we conclude that mild inflammatory reaction seen in
our current study is not a harmful one. Moreover, the
inflammatory reactions of all joints injected with tacrolimus
loaded monospheres were much less than for the joints injected
with unloaded monospheres, indicating that the induced
transient inflammatory reaction was less prominent (the same
trend was seen for total protein count, see Supporting
Information, Figure S.3). At t = 8 h, for all horses the leucocyte

Figure 11. Tacrolimus concentrations in synovial fluid (intra-articular) and plasma (systemic) after intra-articular administration of tacrolimus
loaded monospheres over time per individual horse (left). Right: for the same horse, the amount of intra-articular leucocytes, a measure of
inflammatory reaction, for joints injected with saline (negative control), unloaded monospheres (positive control), and tacrolimus loaded
monospheres.
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count of the tacrolimus loaded microspheres injected joints was
less than 50% of the leucocyte count for joints injected with
unloaded microspheres. This reflects intra-articular release and
a local anti-inflammatory action of tacrolimus.38 In all horses,
tacrolimus release lasted for at least the entire duration of the
transient inflammatory reaction (72 h) and showed the
potential of this medication to act on intra-articular
inflammation, a hallmark of many joint diseases. The prolonged
release as seen in two of the three horses shows the potential of
the platform-active combination to influence any long-term
inflammatory status of a joint, as for instance seen in OA.
Intra-Articular Biocompatibility in Horses. Chronic

joint inflammation seems to play a major role in the structural
changes of synovium, bone, and cartilage seen in osteoarthritis,
mainly through enzymes, growth factors, and cytokines
produced by activated macrophages.11,78 It is therefore
important to determine whether the mild transient inflamma-
tory reaction in the first two weeks caused by the injected
monospheres had any negative effect on the joints. Recently, we
showed that the administration of unloaded microspheres in
the horse joint did not have negative effects on the cartilage.35

The intra-articular doses of tacrolimus would also not be likely
to have a negative effect on the cartilage because it was shown
previously in our lab that tacrolimus, with doses up to 1000 ng/
mL, did not affect cell proliferation and viability in vitro in
human articular chondrocytes.15 Moreover, a dose of 500 ng/
mL was tested more extensively and shown to have
anticatabolic and even anabolic effects on chondrocytes.16

Additionally, we analyzed GAG release and collagenase-
cleavage fragments of type II collagen (C2C assay) in the
synovial fluid samples of the horses, which can be considered
indicative for cartilage breakdown. Neither of these two
markers was elevated, and the GAG marker showed even a
trend toward less GAG release in the tacrolimus-treated joints
compared to the unloaded microsphere treated joints (see
Supporting Information, Figure S.3). This correlates well with
the positive effect of the tacrolimus loaded monospheres on the
inflammatory reaction postinjection, and it could be hypothe-
sized that the decrease of GAG release might be linked to this
phenomenon.
It can be concluded that no negative changes in the cartilage

occurred due to the injection of tacrolimus loaded mono-
spheres, which is in line with the biocompatibility results in the
rats.

■ CONCLUSIONS
Poly(D-L-lactide-PEG)-b-poly(L-lactide) multiblock copolymers
provide a suitable platform for the development of injectable
tacrolimus-loaded monospheres for intra-articular controlled
drug delivery in the treatment of joint diseases such as
osteoarthritis. Tacrolimus-loaded monospheres were shown to
be safe for intra-articular use while being retained in the
synovial fluid and synovial lining of the rat knee and in the
equine carpal joint for at least four weeks. Most importantly,
local sustained drug release was achieved by the monospheres
because the drug was measurable in high concentrations in the
joint without measurable systemic concentrations or toxic side
effects. Effects of local tacrolimus delivery on peri-articular bony
osteophytes were seen in a dose-dependent manner, indicating
that indeed local release can be tuned and thereby achieving the
desired local concentrations of an incorporated drug based on
the therapeutic window and specific needs in different diseases.
The locally released tacrolimus partially counteracted intra-

articular inflammation, an action that is potentially beneficial in
the treatment of arthritides. Not only have we shown
tacrolimus to be a very interesting drug for further investigation
in the field of osteoarthritis, but we also have shown
monospheres to be excellent drug carriers for intra-articular
delivery of potentially interesting drugs in general.
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