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Abstract

Drug loaded porous calcium phosphate bone substitutes are studied for targeted drug delivery applications. In this study, porous hydroxyapatite and
beta-tricalcium phosphate pellets were investigated as anti-inflammatory drug carriers and their ibuprofen adsorption and release properties were
compared. While the adsorption equilibrium time of 1 h was obtained for both pellets, hydroxyapatite pellets showed a higher adsorption capacity
than beta-tricalcium phosphate. The physico-chemical characterisations of loaded pellets confirmed an ibuprofen reversible physisorption on both
hydroxyapatite and beta-tricalcium phosphate pellets. Moreover, higher adsorption capacity of hydroxyapatite was attributed to their physical
differences. The in vitro ibuprofen release evaluation showed 100% release of ibuprofen from both hydroxyapatite and beta-tricalcium phosphate
pellets which was found to be compatible with the obtained interactions between the pellets and ibuprofen.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Owing to their chemical composition close to the composi-
tion of human hard tissues, calcium phosphate (CaP) ceramics
are biocompatible and have been used as bone substitutes.
Indeed, these bioceramics are suitable for orthopaedic appli-
cations because of their ability to form strong bonds with the
host bone tissues.! In the case of porous CaP, the presence of
macroporosity (pore size >80-100 pm) favours the bone forma-
tion inside the pores, enhances mechanical interlocking between
host tissue and scaffold, while their microporosity (pore size
<10 wm) permits the transport of nutrients and metabolic waste
by circulation of by biological fluids and together they increase
the degradability.>~

After a surgical procedure to restore the bone function in
fractures or skeletal deficiencies from trauma, tumors or bone
diseases, the appearance of postoperative problems, i.e. infection
and inflammation, is quite common. But, systemic adminis-
tration of antibiotics or anti-inflammatories is not effective
because of the poor perfusion of diseased bone site. This kind of
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administration could also cause an increase in drug toxicity to
other sites.>~7 Thus, one of the new challenges in the elaboration
of porous CaP ceramics is to use them as drug vehicles for in situ
drug administration. Therefore, porous CaP implants in combi-
nation with drug substances can act as bone substitute and drug
carrier during the bone repair procedure, thought decreasing the
risks of drug side effects.

For the development of a calcium phosphate based drug deliv-
ery system (DDS), it is essential to understand the effect of their
chemical and physical parameters on drug/drug carrier interac-
tions and their influence onto the drug release. CaP ceramics
cover a wide range of compositions such as Monocalcium phos-
phate (MCP, Ca(H;PO4)2-H,0, Ca/P=0.5), a-tricalcium
phosphate (a-TCP, a-Ca3(PO4),, Ca/P=1.5), B-tricalcium
phosphate (B-TCP, B-Ca3(PO4),, Ca/P=1.5), hydroxyapatite
(HA, Cajp(PO4)6.(OH),, Ca/P=1.667) and biphasic calcium
phosphates (BCP) consisting of a mixture of HA and B3-TCP.
These materials have very different dissolution properties due
to their different chemistry and crystalline structure.® As a con-
sequence, they may provide different drug loading and release
properties. Depending on the carrier chemical composition, the
adsorbed amount of a drug can be modified.” Besides, the drug
molecule can be adsorbed reversibly or irreversibly onto car-
rier and as a result different released amount of a drug can be
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obtained.!® Physical properties of carrier like its specific sur-
face area or pore network can also directly affect the adsorbed
amount of drug and its release rate.!!

Ibuprofen is one of the most widely used non-steroidal anti-
inflammatory model drug in DDS studies because of its short
biological half-life (2 h) and good pharmacological activity. As
above mentioned, adding an anti-inflammatory drug in porous
CaP ceramics can attenuate the local inflammatory response due
to the implantation process. Such DDS can also be used for
the local treatment of articular inflammatory pathologies such
as arthritis. The combination of ibuprofen and its interaction
with inorganic porous carriers for local drug delivery have been
reported mostly in the case of mesoporous carriers.!>"1* But,
only few studies have reported ibuprofen loading and release
properties of CaP scaffolds.!>1°

The present work focuses on the study of the effect of CaP
porous pellets chemical composition on ibuprofen adsorption
and release behaviour. For this aim, two CaP ceramics, HA and
B-TCP, were chosen. After elaboration of HA and 3-TCP porous
pellets by wet high shear granulation method,!”-'® the obtained
pellets were loaded by impregnation in ethanol solutions of
ibuprofen in order to compare HA and B-TCP loading kinetics
and ibuprofen adsorption capacities.!® The interactions between
ibuprofen and CaP pellets were studied by X-ray diffraction, FT-
IR spectroscopy and Raman diffusion. The ibuprofen release
profile was then obtained in phosphate buffer solution at 37 °C
and the dissolution mechanisms of ibuprofen loaded on HA and
B-TCP pellets were compared.

2. Materials and methods
2.1. Porous pellets fabrication

Tricalcium phosphate powder (Ca3(PO4), — Cooper, France)
was purchased in order to prepare beta tricalcium phosphate ([3-
TCP-Caz(POy4),) pellets. Based on primary characterisations,
this commercial powder has a specific surface area of 30 m> g~!
and a particle size of 9 um (dos5).20

Hydroxyapatite (HA —Caj9(PO4)s(OH);) was synthesized in
the laboratory by the hydrothermal route. After fixing the molar
ratio of precursors at 1.677, an aqueous solution of diammo-
nium phosphate (NH4),HPO4 — Aldrich, France) was added
to a calcium nitrate tetra-hydrate solution (Ca(NO3),-4H,0 —
Aldrich, France) at a rate of 40 mL min—!. The details of syn-
thesis process are explained elsewhere.?! The obtained powder
was then calcined at 650 °C during 30 min in order to obtain a
powder with similar specific surface area as the tricalcium phos-
phate commercial powder. Calcined HA powder had a surface
specific area of 34 m?2 g_1 and a particle size of 10 um (dps).

Porous calcium phosphate (CaP) pellets were fabricated by
wet high shear granulation method followed by spheronisation in
aMi-Pro high shear granulator (Pro-C-epT, Zelzate, Belgium).!”
Pregelatinised starch (Sepistab ST 200, Seppic, France) was
used as binder/pore former. The volume of granulation liquid,
i.e. distilled water, was adjusted to liquid/powder (L/P) ratios of
93/200 and 115/200mL g~! for TCP and HA respectively. The

obtained CaP granules were dried in a fluidised bed dryer (Glatt,
Haltingen Binzen/Baden, Germany) during 20 min at 60 °C and
sieved in order to retain the 710—1000 wm fraction.

The pellets were first heat treated at 270 °C during 2h to
eliminate the pore former,2° and then calcined at 900 °C/15 min
for TCP and 950 °C/15 min for HA (furnace Vecstar Ltd., United
Kingdom) to obtain pellets with similar specific surface areas
and improved mechanical properties.

2.2. Drug loading

Ibuprofen 50 (C13H;302 — BASFE, Germany) was used as the
therapeutic agent. The adsorption experiments were performed
in triplicate by soaking 350 mg of porous pellets in ibuprofen
ethanolic solutions (technical ethanol — 96 wt.%) under ambient
atmosphere and at room temperature, without agitation. After a
given contact time, loaded granules were separated from their
supernatant and dried overnight at room atmosphere and tem-
perature. Ibuprofen loading was performed according to two
different regimes:

(1) soaking the pellets in 4mL of a 100mgmL~" ibuprofen
solution from 10 min to 24 h to obtain the adsorption kinetics
and

(2) soaking the pellets for 1h in 4 mL of ibuprofen solutions
with concentrations from 50 mg mL~! to 300 mg mL~! for
studying the adsorption at room temperature.

The adsorbed amount of ibuprofen was quantified via direct
measurement method. Based on the high solubility limit of
ibuprofen in ethanol, i.e. 428 mgmL~! at 20°C,?? the loaded
pellets were immersed in 40 mL of ethanol during 4 h. Eluted
ibuprofen concentration was measured by UV absorption spec-
trophotometry (Lambda 20 spectrophotometer, Elmer Perkin,
USA) at A=264nm. The adsorbed amount (Q) of ibuprofen
was deduced from Eq. (1):

QO (mmol mfz) =

Adsorbed ibuprofen quantity (mmol)

Sample mass (g) x Specific surface area (m?g—!)

ey

The drug content (DC%) was calculated according to Eq. (2):

DC% — Adsorbed ibuprofen mass (mg)

x 100 2)
Loaded sample mass (mg)

2.3. Invitro ibuprofen dissolution kinetics

Dissolution tests>> were performed on pellets loaded with
a solution of ibuprofen at 200 mg mL~! during 1 h. Un-loaded
pellets were used as reference. Trials were carried out, using
a phosphate buffer solution (pH=7.5) at 37°C as dissolution
medium. The dissolution tests were performed using the flow-
through cell apparatus, described in European Pharmacopea,®*
equipped with tablet cells of 12 mm. A ruby bead of 5 mm diam-
eter and glass beads of 1 mm diameter were placed in the apex
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of the flow-through cell in order to ensure laminar flow of the
100 mL of dissolution medium, in a close circuit (i.e. constant
volume of 100mL of the dissolution medium), entering into
the cell with a flow rate of 2mL min~!. 275 mg of accurately
weighted loaded granules were placed on the glass bead bed.
The automated system CE 7smart (Sotax, Basel, Switzerland)
was linked to a piston pump CP7-35 (Sotax, Basel, Switzerland)
and a UV-visible spectrophotometer (Lambda 20, Perkin Elmer,
USA) for a direct online analysis of the filtered samples. Ibupro-
fen released amount was determined at regular intervals at
A=264nm.

Dissolution profile, i.e. cumulative percentage of released
ibuprofen versus time (min), was then plotted. In order to
determine the release mechanism, results were fitted to two
mathematical models, characterising diffusion and erosion
prevalence, respectively, the Higuchi equation (Eq. (3))*:

q(%) = at'? +b 3

where a is the release rate (%/h”z) and b a constant; and the
Hixson—Crowell model (Eq. (4))%°:

V100 — /100 — g =c¢ x ¢ 4)

where c is the release rate and q is the drug released %.

2.4. Physico-chemical characterisations

X-ray powder diffraction patterns were collected by means
of Cu Ka radiation (1=1.5406A) on a 6/26 diffractometer
(D8, Bruker) with a step size of 0.02° and a count time of 2s.
Phase identification was processed on EVA software (Bruker
AXS) by comparing the diffraction patterns with the Interna-
tional Center for Diffraction Data (ICDD) Powder Diffraction
Files (PDF): 00-09-0432 for hydroxyapatite — HA, 00-09-0169
for beta-tricalcium phosphate — 3-TCP and 00-034-1728 for
ibuprofen. Fourier Transformed Infra-Red spectroscopy (FTIR)
(Spectrum One, Perkin-Elmer) was performed on samples pre-
pared by mixing granules (1 wt.%) with KBr powder. The spectra
were collected in the range of 4000-400cm™! at the ambient
temperature, with a resolution of 2 cm~!. Raman spectra were
obtained over the 250-3700 cm ™! range, using a Raman spec-
trometer (Jobin Yvon — Argon-ion laser at 514,532 nm — Stabilite
2017 Spectra physics).

Morphological investigation was performed using a field
emission gun scanning electron microscope (FEG-SEM, Jeol
JSM-7400 F) without sputter-coating of samples. Specific sur-
face area (SSA, m? g~!) was measured by nitrogen adsorption
using a Gemini 2360 Analyser (Micromeritics Instruments
Inc.) and calculated according to the Brunauer—-Emmet—Teller
equation.’’” Samples were previously degassed for 3 days
at 30°C at a pressure lower than 50 mTorr (VacPrep 061,
Micromeritics Instruments Inc.).?® Measurements were repeated
until stabilisation of the SSA value. Porosity measurements were
carried out using a mercury intrusion porosimeter (Autopore IV
9500; Micromeritics Instruments Inc.) equipped with a 5cm?
powder penetrometer. Cumulative and incremental mercury
intrusion volumes were recorded. The intrusion volume (Vipgra,

mL g~ 1) corresponding to pellet open porosity was deduced and
associated with the corresponding pore size diameters. Pellets
total porosity (%) was calculated according to Eq. (5):

Vi
Pellets total porosity (%)= — % x 100 5)

Vsolid + Vintra
where Vi is the solid volume, determined from the pycno-
metric density.

The zeta potential (¢ —mV) of the CaP pellets as a function of
ibuprofen concentration in ethanol was measured with a Zeta-
sizer Nano ZS90 (Malvern Instruments, UK). For evaluation of
pellets zeta potential, suspensions were prepared by dispersing
50 mg of grinded CaP pellets in technical ethanol and ethanolic
solutions of ibuprofen (50,100 and 200 mg mL~') by magnetic
agitation, without addition of dispersants. Suspensions were kept
still more than 1 h to stabilise them and then, the supernatant was
taken off to perform the zeta potential measurements on it.

In order to investigate the possible dissolution of the CaP
pellets during the drug loading procedure and the in vitro
dissolution trials, Ca®* content of the impregnation solutions
and the dissolution medium (phosphate buffer) was quantified
via cresolphthalein complexone (CPC) method.>® The purple
Ca-CPC complex was detected by UV absorption spectropho-
tometry (Lambda 20, Perkin Elmer, USA) at 575nm and the
Ca-CPC complex concentration was attributed to Ca>* concen-
tration of the impregnation solutions and phosphate buffer.

3. Results
3.1. CaP pellets characteristics
XRD patterns of B-TCP and HA pellets after the heat treat-

ment at 900 °C and 950 °C respectively, show that pellets are
mainly composed of well-crystallised 3-TCP and HA (Fig. 1).
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Fig. 1. XRD patterns of HA and 3-TCP pellets calcined at 950 °C and 900 °C,
respectively.
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A slight trace of HA is observed in 3-TCP pellets and traces
of B-TCP are present in HA pellets. Quantification of HA and
B-TCP phases®’ indicates that the global Ca/P molar ratio of -
TCP pellets is equal to 1.512 and the one of HA pellets is equal
to 1.662.

The presence of HA in B-TCP pellets was stemmed from
the initial commercial powder. It was primarily composed of
80 wt.% dicalcium phosphate anhydrate (DCPA, CaHPO4) and
20 wt.% hydroxyapatite®”; the heat treatment at 900 °C resulted
in their transformation into stable 3-TCP phase with residual
HA. The Ca/P molar ratio of HA pellets (1.662) indicates that
the powder obtained from hydrothermal synthesis was lightly
calcium-deficient hydroxyapatite (Ca-dHA). During HA syn-
thesis by hydrothermal route, it is possible to process a biphasic
product containing HA and 3-TCP by heating Ca-dHAP that has
the same crystal structure as stoichiometric HA with a Ca/P ratio
ranging from 1.5 to 1.667 (Cajg—x(PO4)s—x(HPO4),(OH)>_y
with 0<x<1).3!

Fig. 2a shows the FT-IR spectra of the calcined pellets. The
phosphate (PO4) vibration modes (v1, v2, v3 and v4) are visible
on CaP calcined pellets spectrum. The v, of P-O—P bending
appears only on HA spectra at 474 cm™'. The v4 of P—O bond
are present as bands at 571 cm™! and 601 cm™! on HA and at
551 cm™! and 608 cm™! on B-TCP spectra. The v; symmetric
stretching of P—O bond is visible at 962 cm™! on HA spectrum
and this bond appears at 947 and 969 cm~! on B-TCP spec-
trum. The bands at 1043cm™! and 1089 cm™! on HA and at
1039cm~! and 1121 cm™! on B-TCP spectra are assigned to v3
of P—O bond. Additionally, the absorption bands assigned to OH
group of hydroxyapatite are present at 3575 cm ™! and 630 cm™!
on HA spectrum.’

Raman spectra of CaP porous pellets are illustrated in Fig. 2b.
The bands originating from the v, of HA are spanned over
the frequency range of 400-503cm™! and those of B-TCP
are present over a frequency range of 370-500cm™!. The vy
bending modes of the PO4 group (O—P—O bond) of HA and
B-TCP are present at the frequency ranges of 574—657 cm™!
and 530-645cm™! on their spectra, respectively. The peak

(a)

HA VvOH

Absaorbance (a.u)

B-TCP

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
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Table 1
Physical properties of HA and (3-TCP pellets calcined at 950 °C and 900 °C,
respectively.

Sample Porosity (%) SSA (m?g~1)
HA 67 6.3
B-TCP 57 5.4

arising from stretching mode (vy) of the PO4 group (P—O
bond) is detected at 962 cm~! on HA and at 967 and 948 cm !
on B-TCP spectra. The v3 mode of PO4>~ of HA is present
over 1036-1116cm™! and over 1030-1100cm™" on B-TCP
spectrum. The bond-stretching mode associated with the OH
group of HA pellets is also detected as a sharp peak at
3571cm™!. 3

The surface morphology of the pellets is presented in Fig. 3.
Pores larger than 1 pm in diameter, with random shapes, are
present on the surface of the CaP pellets. The random pores shape
of the surface of the pellets is due to the elimination of agglom-
erated pore former powder. The presence of pores smaller than
1 wm, is attributed to the rearrangement of HA and (3-TCP parti-
cles during the sintering at 950 and 900 °C. After the coalescence
of the CaP particles and the formation of necks between them
during the heat treatment, the small pores are formed.>?

Physical properties of the obtained pellets, total porosity and
their specific surface area (SSA) are presented in Table 1. The
wet high shear granulation method followed by heat treatment
resulted in the formation of porous pellets with close specific
surface areas. As it can be seen from pore size distribution dia-
gram (Fig. 9), a bimodal pore distribution is obtained for both
HA and B-TCP pellets, which is compatible with morphologi-
cal observations. This bimodal pore size distribution is classified
into first category of pores defined from 80 to 300 nm for 3-TCP
and 70400 nm for HA, and second category considered from
300 to 2000 nm and 400-6000 nm for 3-TCP and HA, respec-
tively. Although the same amount of pore former was used for
both composition granulation, the total porosity of HA pellets
is higher than 3-TCP pellets one.

(b) vi
£l
8 HA
= . vOH
‘@ 2 V3
5 i l
£
c Vi
@
£
o
14
B-TCP
V2
vy V3
A, : "

500 1000 1500 2000 2500 3000 3500

Raman shift (cm™)

Fig. 2. (a) FTIR and (b) Raman spectra of HA and 3-TCP pellets calcined at 950 °C and 900 °C, respectively.
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The pellets in size fraction of 710-1000 pm creates an inter-
granular macroporosity of about 180 wm, suitable for bone
ingrowth!® and intragranular bimodal microporosity which
allows these pellets to be loaded with a drug molecule.

3.2. Drug adsorption behaviour

The drug adsorption was performed by varying two parame-
ters: ibuprofen adsorption time to provide ibuprofen adsorption
kinetics and the initial concentration of ibuprofen solutions (Cp)
to obtain informations on the adsorption mechanisms.

Fig. 4a shows the adsorption kinetic curves of ibuprofen
(Cp=100mg mL~!). The drug adsorption trend is similar for
both pellets composition and the threshold of adsorption is
obtained from 1 h for HA and B-TCP pellets, corresponding to
DC% of 6.46 +0.47% and 5.18% =+ 0.14%, respectively. There-
fore, one hour is considered as the equilibrium time (feq) of
adsorption for both compositions. Therefore, 1 h was uses as the
contact time for the rest of the adsorption experiments.

The adsorption curves are presented in Fig. 4b. In the
considered ibuprofen concentration range the obtained adsorp-
tion curves show a linear correlation between DC% and the
initial concentration of the drug solution without reaching a
plateau. Adsorption curves fit to Freundlich equation, defined
by O = aCl' where Q corresponds to the adsorbed drug amount
(mmol m~2), C, is the equilibrium concentration of ibuprofen in
the adsorption solutions (mmol mL~"), @ and m are Freundlich
equation constants reflecting the adsorption capacity and adsorp-
tion affinity, respectively.>* Freundlich equation constants were
determined by linearising the equation (InQ=Ina+mlnC).

Table 2
Freundlich adsorption constants of HA and B-TCP calcined pellets for adsorbed
ibuprofen.

Sample Freundlich constants

a m R?
HA 0.12 1.20 0.9889
B-TCP 0.10 0.91 0.9959

The numerical values for m and a are reported in Table 2. As
it can be seen, both the adsorption affinity () and the adsorp-
tion capacity (a) of HA pellets are found to be higher than the
adsorption constants of 3-TCP pellets. The ibuprofen desorption
of both HA and B-TCP pellets was also studied (data not shown).
The superimposition of the obtained desorption curves with
the adsorption ones, following the same linear trend indicates
that the ibuprofen adsorption on both HA and 3-TCP pellets is
reversible.

Fig. 5 presents the zeta potential (¢) charges of the pel-
lets surface as a function of the concentration of ibuprofen
solution, Cy. The pellets are found to be positively charged
in ethanol with similar charges of ¢{ya =10.37 £0.43 mV and
{p-tcp=11.46 0.56 mV. As it can be seen, the pellets charge
decreases by increasing the concentration of ibuprofen. More-
over, the rate of electrical charge decrease is found to be the
same for both HA and 3-TCP pellets.

In order to evaluate the dissolution rate of CaP pellets dur-
ing the ibuprofen loading and to understand the effect of drug
loading method on pellets possible evolution, the calcium con-
tent of ibuprofen solution (200 mgmL~!) after 1 h of contact

Fig. 3. FEG-SEM images of (a), (b) HA and (c), (d) B-TCP pellets after calcination at 950 °C and 900 °C, respectively.
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Fig. 4. (a) Adsorption kinetics and (b) adsorption curves of ibuprofen on HA and B-TCP calcined pellets.

with the pellets was measured. The calcium concentration of
the adsorption solutions at feq of HA pellets is equal to that of 3-
TCP, corresponding to 5 x 10~* mmol mL ™!, compatible with
the solubility value of HA and B-TCP in water.>! Hence, only
slight dissolution of the pellets occurred during the impregna-

tion.

3.3. Ibuprofen loaded CaP pellets characteristics

Pellets loaded by 200 mg mL ™! ibuprofen solution were sub-
mitted to further physico-chemical characterisations in order to
locate ibuprofen on the pellets and to determine the type of
interactions between the drug and the carrier.

The XRD patterns of the loaded pellets and ibuprofen are
illustrated in Fig. 6. The initial ibuprofen powder presents a crys-
talline structure. The most intense diffraction peaks of ibuprofen
are present on diffraction pattern of both HA and 3-TCP pellets,

15
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E .
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C, IBU (mg.mL")

Fig. 5. Zeta potential as a function of ibuprofen ethanolic solution concentration
for HA and 3-TCP calcined pellets.

indicating that ibuprofen was adsorbed onto the pellets under its
crystalline form. It can be observed that HA and 3-TCP pellets
kept also their initial crystalline structure (see Fig. 1), that is to
say the contact of pellets with the impregnation medium (i.e.
ibuprofen solution of 200 mg mL~!) did not modify their bulk
crystalline structure.

The FTIR spectra of ibuprofen and loaded CaP pellets are
displayed in Fig. 7a. The characteristic PO43~ bands of 3-TCP
and HA are found on the loaded pellets spectra (see Fig. 2a). The
C—H; stretching bands (v C—H,) around 3000-2850 cm~! and
the band assigned to the C=0 elongation mode (v COOH) of
—COOH group at 1720 cm™! confirm the adsorption of ibupro-
fen onto CaP pellets.'?

The characteristic bands of ibuprofen are more visible on
the Raman spectrum of the loaded pellets (Fig. 7b). Similar to

oHA eB-TCP +IBU

HA + IBU

=
=
>
2| pTCP+IBU
5
- *
c * *
= A
+
+ o+
1BU +
+++
+ +
Je bx e b by g 4+ 4
I I T T ] T
5 10 15 20 25 30 35 40 45
20 (°)

Fig. 6. XRD patterns of (IBU) ibuprofen and (HA+IBU) HA and (-
TCP +IBU) B-TCP pellets loaded with ibuprofen.
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Fig. 7. (a) FTIR and (b) Raman spectra of ibuprofen (IBU) and (HA +IBU) HA and (3-TCP +IBU) B-TCP pellets loaded with ibuprofen.

pure ibuprofen Raman spectrum, the stretching bands of C—H,
(v C—H,) between 3100 and 2700 cm ™!, consisting of symmet-
ric and antisymmetric stretching vibration of =C—H and —C—H,
are present on loaded pellet spectra. The v C=C at 1608 cm™!
is also similar to that on the Raman spectrum of pure Ibuprofen.
Amongst Raman intensities from 1470 to 637 cm—!, O—H bend-
ing modes of COOH function (i.e. 5(C(O)O—H)), at 1432, 1227,
1124, 662 and 637 cm™! are present on loaded pellet spectra,
indicating that ibuprofen is adsorbed on HA and (3-TCP pellets
under its acidic form.

As shown in Fig. 8, ibuprofen is adsorbed as fine crystalline
filaments on both HA and B-TCP surface and it did not keep its
initial morphology of rod like crystals.

The physical properties of the pellets before and after loading
are compared in Table 3. The decrease of specific surface area of
the pellets is similar for both compositions. The drug adsorption
results in 13% and 11% decrease of specific surface area of HA
and B-TCP pellets, respectively. The decrease of the porosity
(total porosity, 1st and 2nd category pore volume), in the case of
HA pellets, is more noticeable than that of 3-TCP pellets (Fig. 9).
Moreover, the pores volume of the 1st category decreases more
than the large ones for both types of pellets.

3.4. In vitro ibuprofen dissolution kinetics

Dissolution profiles, i.e. cumulative percentage of ibupro-
fen released (wt.%) versus time, are plotted in Fig. 10. The

ibuprofen-CaP porous pellets system exhibits a fast release of
ibuprofen within the mentioned experimental conditions. The
lag time of about 3 min is due to the time required to obtain a
homogenous drug substance distribution in the release medium.
The ibuprofen release profile consists of two phases: a fast
release of about 70% of adsorbed ibuprofen for 3-TCP pel-
lets and 75% for HA pellets in the first 15 min, followed by
a slow release of the remaining adsorbed ibuprofen. The neces-
sary time to release 90% of adsorbed ibuprofen is around 10 min
in the case of HA pellets and 15 min in the case of 3-TCP pellets.
The plateau of release takes about 70 min for both compositions.
These results confirm the ability of calcium phosphate porous
pellets drug delivery system in complete ibuprofen release.

The dissolution data were adjusted to Higuchi and
Hixson—Crowell equations in order to determine the release
mechanism. The drug dissolution kinetics data of the first and
second phase of release were linearised separately. The corre-
lation coefficients (R?) are given in Table 4. The comparison
between the correlation coefficients of HA and (3-TCP pellets
indicates that data of both release phases are better fitted to
Hixson—Crowell. Thus, it can be suggested that the release of
ibuprofen is controlled by drug erosion from surfaces of both
pellet compositions.

The porous pellets possible chemical changes after being in
contact with phosphate buffer at 37 °C were controlled. For this
aim, loaded HA and B-TCP pellets after ibuprofen release in
phosphate buffer and non-loaded HA and -TCP pellets used

Fig. 8. FEG-SEM images of (a) initial ibuprofen, (b) HA and (c) B-TCP pellets loaded with ibuprofen.
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Table 3
Physical properties of HA and B-TCP pellets before and after ibuprofen adsorption.
Sample SSA (m?g~1) Total porosity (%) Total pore volume 1st category 2nd category
(mLg™1) volume (mL g~ ') volume (mL g~ 1)
HA 6.3 65 0.61 0.38 0.23
HA +1BU 5.5 44 0.25 0.13 0.10
B-TCP 5.4 57 0.45 0.35 0.10
B-TCP+1BU 4.8 50 0.33 0.25 0.08
0,12 0,12
— HA — B-TCP
—--- HA + IBU ---- B-TCP + IBU
— o —~ 01
) -
|
E oo, £ o
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Fig. 9. Pore size distribution of HA and 3-TCP calcined pellets before (plain line) and after (dashed line) drug loading.

Table 4

Modelled drug dissolution characteristics.

Sample HA B-TCP

Drug release phase 1 2 1 2

Time (h) 0-0.25 0.25-0.40 0-0.25 0.25-0.46
Higuchi R? coefficient 0.9954 0.9644 0.9904 0.9955
Hixson—Crowell R? coefficient 0.9974 0.9802 0.9947 0.9994

as reference (i.e. in contact with the medium under the same
conditions) were characterized by FT-IR and XRD. The calcium
content of phosphate buffer at the end of release test was also
measured.

The XRD patterns (Fig. 11a) of the pellets show no trace
of ibuprofen after ibuprofen release trials. It can also be seen
that HA and B-TCP kept their crystalline structure (cf. part 3-1)
and no new crystalline phase was formed during the period of
contact (4h) with the medium. The FTIR spectra of the same
pellets (Fig. 11b) indicate the same results; neither reference
pellets nor pellets after ibuprofen desorption, were modified
chemically during the process. Moreover, the measurement
of the calcium concentration of phosphate buffer solutions at
the end of the dissolution test did not show the presence of :
Ca* jons in the solutions, indicating that no pellets dissolution .
occurred in the release medium. 20 ¢l o HA

.
. * 3-TCP

100

80

60

Released ibuprofen %

4. Discussion 20 40 60 80 100 120

e . t(mi
The feasibility of B-TCP porous pellets production by wet (min)

high shear granulation method, using them as bone fillers and Fig. 10. Ibuprofen dissolution kinetics for () HA and (@) B-TCP pellets.
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Fig. 11. (a) XRD patterns and (b) FTIR spectra of HA and B-TCP pellets after ibuprofen (IBU) dissolution.

ibuprofen carriers in orthopaedic field has been shown in previ-
ous works.!”-18-35 The present study focuses on the effect of the
porous pellets chemical composition on the ibuprofen adsorption
mechanism and in vitro release kinetics. For this aim, HA and
B-TCP were chosen as two compositions of calcium phosphate
materials family having different solubilities.

The granulation and heat treatment parameters were adjusted
in a way to obtain pellets with similar physical properties such
as specific surface area and total porosity, in order to decrease
the influence of physical parameters on the drug adsorption and
release. Although the same amount of pore former was used, the
obtained total porosity of HA pellets was 10% higher than that
of B-TCP, with higher volume of two categories of pores. This
difference in porosity stems from the granulation, as the agglom-
eration mechanisms are very complex and particularly depend on
the physico-chemical characteristics of the particles*®~*% and/or
from the heat treatment.>> Therefore, the resulting pore net-
work, morphology, distribution and size could differ from one
composition to another. Thus, besides considering the chemi-
cal composition, the total porosity of the pellets is also taken
into account for further discussions on the observed differences
between the drug adsorption capacity of HA and (3-TCP porous
pellets.

The adsorption kinetics study is important to understand
the rate at which adsorption takes place. Generally speaking,
the adsorption plateau of an adsorbate from a liquid phase to
adsorbent surface can be obtained after establishing equilib-
rium between the solution and the solid phase.>® Based on a
previous work!? and a work by Stahli et al.,* in the case of
porous substrates in contact with a liquid phase, this equilibrium
is established after saturating the open pores through capillary
rise of the liquid phase. Therefore, the adsorption equilibrium
time of ibuprofen adsorption onto HA and (-TCP pellets can
be related to the required time to fill the open pores by the drug
solution and the rate of capillary rise through open pores of the
pellets. The results of measuring the effect of contact time on
ibuprofen adsorption on CaP porous pellets revealed that the

drug adsorption is fast and the equilibrium is achieved after 1 h
of contact time, regardless of pellets chemical composition. It
can be deduced that the pore filling is the result of the drug
solution penetration inside the porous network and the drug
deposition, after solvent evaporation. The more the drug solu-
tion is concentrated, the more the amount of drug in the porous
network is significant. Although the same saturation times (feq)
were obtained for both pellet compositions, the rate of pore fill-
ing in HA pellets was found to be higher than the one of 3-TCP
pellets (see part 3-3). That is to say, a higher volume of ibuprofen
solution has penetrated into HA pellets. This result can be due
to either a higher affinity of ibuprofen solution for HA pellets or
a different pore network structure of these pellets from 3-TCP
ones. In order to better understand this point, the adsorption
mechanisms and physico-chemical characteristics of the loaded
pellets are discussed below.

The obtained adsorption data were fitted to the Freundlich
adsorption model which is one of the well-known adsorption
equilibrium mathematic models. This adsorption model reflects
an adsorption following a heterolayer formation of adsorbate;
this result is compatible with the surface morphology of the
loaded pellets (Fig. 8). Analysing the obtained experimental
data by this equation shows that the adsorption capacity of
HA pellets (0.12 mL m~2) is slightly higher than the one of -
TCP (0.10 mL m~2), which is compatible with the higher DC%
obtained at Co of 200mgmL~" for HA pellets (12.23%) than
for B-TCP pellets (8.72%).

The difference in the adsorption capacity of an adsorbent,
here drug carrier, can originate from several parameters like
carriers chemical composition, surface charges,” pore network®!
and pores tortuosity, ! specific surface area.*> Physico-chemical
characterisations of ibuprofen loaded pellets were performed
in order to understand the reason behind the higher adsorption
capacity of HA pellets than B-TCP pellets. Ibuprofen is a polar
molecule with acidic properties, able to be present under a depro-
tonated form in a water/alcoholic medium and adsorbed on a
substrate surface through a chemical reaction or ion exchange.
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The adsorption of ibuprofen in its acidic form has been evi-
denced on Raman spectra of the loaded pellets by the presence
of OH bending modes of COOH groups. In the case of the for-
mation of hydrogen bonds between available —OH group of HA
and COOH group of ibuprofen'® a broad band centred at about
3430cm~! on FT-IR spectra of ibuprofen loaded HA should
appear. In the present work, the FTIR and Raman spectra of
the loaded HA and B-TCP pellets did not reveal any chemical
modification of neither ibuprofen nor HA and B-TCP pellets,
indicating that ibuprofen is adsorbed by physisorption on both
HA and B-TCP pellets. The decrease of the zeta potential of pel-
lets by increasing the amount of adsorbed ibuprofen indicates
that the driving force of ibuprofen physisorption on calcium
phosphate pellets is the electrostatic attractions between ibupro-
fen polar molecule and the pellets positively charged surface.
Besides, the erosion of a drug carrier in drug loading medium
makes the drug uptake difficult and hence it can change the drug
adsorbed amount.” Here the measurement of the Ca>* concen-
tration in the impregnation solution showed that HA and 3-TCP
pellets, based on their solubility values, lightly dissolved dur-
ing the impregnation procedure. But, as ibuprofen physisorbed
onto the pellets, this slight pellets dissolution cannot disturb
the drug adsorption. These results reveal that ibuprofen/HA and
ibuprofen/B-TCP interactions follow the same mechanism and
the difference in their adsorption capacities comes from physical
parameters.

The most influencing physical parameters which can affect
the adsorption capacity of drug carriers are their specific surface
area and their porosity. In order to understand the effect of car-
rier’s surface area on drug uptake, it is common to normalise the
adsorption data with respect to carriers specific surface area.!?
After normalising the adsorbed amount (Q) of ibuprofen with
the specific surface area of HA and B-TCP pellets, difference
in adsorption capacities are still observed. Therefore, the higher
adsorption capacity of HA pellets could be attributed to their
higher total porosity than that of 3-TCP pellets. To withdraw
the influence of the pore network on ibuprofen adsorption, HA
and B-TCP pellets were grinded and sieved in order to obtain
powders which were then loaded by a solution of ibuprofen at
concentration of 200 mgmL ™! and their drug contents (DC%)
were compared: the same DC% of 25% was obtained for both
compositions. To sum up, based on the fact that ibuprofen has
the physical interaction with HA and 3-TCP pellets (physisorp-
tion), and both compositions have the same electrical charges
in adsorption medium, the reason behind the higher adsorption
capacity of HA pellets is supposed to be their higher total poros-
ity. This higher total porosity results in the penetration of a higher
volume of drug solution inside open pores and hence, after sol-
vent evaporation, a higher amount of adsorbed drug with higher
pores filling rate can obtain.

The in vitro release of ibuprofen under dynamic conditions
was performed using a continuous and adjustable flow of phos-
phate buffer through the sample holder. The intention was to
investigate ibuprofen release from the two types of porous cal-
cium phosphate pellets in standardised release conditions. As
it is mentioned in a study by Gbureck et al.*? the drug release
rate, especially the initial burst release, depends on the release

medium flow rate: for the same drug carrier, drug and release
medium, the drug release in static conditions is considerably
slower than in dynamic ones. In dynamic conditions, the higher
is the flow rate, the faster is the drug release. Therefore, in
order to examine the in vitro drug release kinetics in conditions
approaching the biological situation, the flow rate of the release
medium should be decreased at least to 0.46 mL min~—!.** In the
present work, the flow rate was fixed at 2 mL min—!, the min-
imal flow rate of the flow-through apparatus, leading to a fast
ibuprofen release regardless of the carrier composition. Similar
dissolution profiles were obtained for both HA and TCP pellets.
Only a slight difference in the duration of the second part of the
release kinetics was observed, that could stem from the varia-
tion in the porosity. Finally, dissolution experiments showed that
the total amount of adsorbed ibuprofen was released, confirm-
ing that weak Van Der Waals bindings formed between the drug
and the substrates. No irreversible drug adsorption occurred, that
would have resulted in a total release amount lower than 100%.4
This indicates that the major factor influencing the ibuprofen
release is the type of interactions between the drug and the sub-
strate, which has been shown to be the same for HA and B-TCP.
Furthermore, the variation in the pellet porosity did not affect
significantly the drug release kinetics.

Besides, the absence of the pellets modification during drug
loading and release test indicates that these procedures do not
affect the pellets characteristics. Therefore, it can be suggested
that after the in vivo drug release, these pellets can play their
therapeutic role as bone filling materials.

5. Conclusion

The effect of chemical composition of calcium phosphate
porous pellets, produced by wet high shear granulation method,
on ibuprofen adsorption and release was studied. For this aim
HA and B-TCP, two calcium phosphate with different chem-
ical properties, especially different solubility, were compared.
Although HA and B-TCP present different chemical proper-
ties, the same type of interactions between these pellets and
ibuprofen was found. The fast drug uptake, with an adsorption
equilibrium time of one hour, and fast and complete ibupro-
fen release were attributed to ibuprofen physisorption on HA
and B3-TCP pellets. However, the observed difference in adsorp-
tion capacities of HA and B-TCP was found to be controlled by
the matrices physical properties, especially their porosity. Thus
HA and -TCP are possible candidates as bone substitutes with
anti-inflammatory properties. Based on their similar behaviour
towards ibuprofen, the choice of the chemical composition of
these pellets would depend on the orthopaedic demands rather
than on the drug loading or release limitations. The adsorbed
amount of drug could be adapted to the medical need by modu-
lating the physical properties of the pellets via the use of another
pore former, the adjustment of the pore former amount or the
modification of the heat treatment cycle. Indeed, modification
of these parameters influences the microstructure and/or pores
network.
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