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Abstract

The possibility of tailoring apatite granules as a controlled release system for the drug model 5-Fluorouracil (5FU) has been examined. Apatite

granules (SDG) were obtained by spray drying suspensions of hydroxyapatite (HAP) nanoparticles previously precipitated from citrate solutions

[M.A. Martins, C. Santos, M.E.V. Costa, M.M. Almeida, Preparation of porous hydroxyapatite particles to be used as drug delivery systems,

Advanced Materials Forum II (455) (2004) 353–357]. SDG had donut shape and very high specific surface area (150 m2/g) indicative of high

porosity. SDG were poorly crystalline HAP but turned into biphasic granules (HSDG) with crystalline tricalcium phosphate and HAP after

annealing at 800 8C, while reducing their surface area down to �6 m2/g. SDG and HSDG were soaked in a 5FU solution at pH 5.2 and room

temperature during several days and then transferred to a phosphate buffered solution (PBS) at pH 7.4 and 37 8C, for releasing 5FU. The

comparison between the 5FU adsorbing and releasing behaviours exhibited by SDG and HSDG shows that engineering the granules characteristics,

i.e. specific surface area, surface chemical composition, porosity and crystal phase composition allows the 5FU release profile to be controlled.
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1. Introduction

Synthetic calcium phosphate (CaP) based materials such as

hydroxyapatite (HAP) and b-tricalcium phosphate (b-TCP) are

compounds with high potential for bioapplications [2–4]. HAP

(Ca10(PO4)6(OH)2) exhibits excellent biocompability and

bioactivity, possibly due to its compositional similarity to

the mineral constituents of bone and teeth [5,6]. Besides its

extensively studied application in the reconstruction of

damaged tissue [7,8], its ability to adsorb substances of

biological interest makes it an attractive material for drug

delivery systems. Although stoichiometric HAP is the less

soluble and more stable CaP material, its Ca deficient non-

stoichiometric form is the most often synthesized one due to the

possibility of multiple atomic substitutions in its structure.

b-TCP (Ca3(PO4)2), another promising material for biome-

dical applications [9], is a slowly degrading bioresorbable

calcium phosphate with a pure hexagonal crystal structure [10].
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Its significant biological affinity and activity in physiological

environments rank it over other biomedical materials in terms

of resorbability and in vivo replacement by new bone tissue

[11,12]. Conventionally b-TCP can be synthesized via a solid-

state process [3] or by thermal decomposition of amorphous

calcium phosphate or calcium deficient apatite obtained by the

wet chemical method [4,13]. Upon heat treatment at 700–

800 8C the non-stoichiometric apatite (Ca deficient) is

transformed into b-TCP [14,15] according to the following

equation:

Ca9ðHPO4ÞðPO4Þ5ðOHÞ ! 3Ca3ðPO4Þ2þH2O (1)

Attempts to get more insight into this transformation showed

that the calcium phosphate ratio (Ca/P) of the non-stoichio-

metric reagent not only conditions the temperature of the

transformation reaction but also the reaction product crystal

phase composition as a biphasic mixture of HAP and b-TCP

may also result. For some biomedical applications, the

degradation behaviour of synthetic HAP might be too slow

and a CaP material with a faster resorption could be necessary

in order to accelerate the bone replacement process. For this

reason composites made of b-TCP and HAP, the so called
d.
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biphasic calcium phosphates (BCPs), which combine the

excellent bioactivity of HAP with the good bioresorbability of

b-TCP [16–18], are interesting candidates for bone replace-

ment and drug delivery systems (DDS) [19,20].

The biological performance of CaP materials is also

conditioned by their morphological characteristics being

known that CaP granules with smooth spherical geometry

are preferable as drug delivery systems and for restorative

surgery in order to minimize inflammatory processes [21].

Among the reported methods for producing CaP granulates

[21–25], the conventional spray drying technique stands up for

obtaining nearly spherical and porous granules with uniform

morphology. Besides favouring cell adhesion, granules having

porous structure are well suited to be easily impregnated with

solutions or suspensions of various drugs and then perform as

drug carriers.

5-Fluorouracil (5FU) is an antineoplastic agent used in the

therapy of different solid tumours [26]. Aiming at the ideal

DDS which would release the 5FU drug to the desired site at an

appropriate rate while ensuring minimum side effects at non-

target sites, different polymeric carriers were already reported

[27–33]. The possible synergies between 5FU effects and the

biological properties of some calcium phosphates also led to

different attempts relying on b-TCP or HAP as 5FU carriers

[34,35]. In particular HAP granules loaded with 5FU may offer

the anti-tumour effectiveness of 5FU with a certain reduction of

the drug poisonous by-effects [35–37]. However in this case

[35] the reported results revealed a too high release rate of 5FU

which still requires optimization.

The objective of the present study is to develop an improved

delivery system, based on two different types of calcium

phosphate granules, for the local administration of 5-

Fluorouracil. For this purpose calcium phosphate porous

granules were prepared and characterized. Their adsorption and

in vitro release kinetics of the anticancer drug 5-Fluorouracil

were evaluated and correlated with the granules characteristics.

2. Materials and methods

2.1. Materials

The following chemicals were used without further

purification: citric acid (Riedel-deHaën, 99.5%); Ca

(NO3)2�4H2O (Riedel-deHaën, 99%); (NH4)2HPO4 (Merck

99%); ammonia solution, 25% (Riedel-deHaën); 5-Fluorour-

acil (sigma 99) (5FU). Porous HAP granules to be used as drug

adsorbents were prepared by spray drying suspensions of

hydroxyapatite (HAP) nanoparticles (�1 wt.%) which in a first

step were precipitated from calcium/citrate/phosphate solutions

[1] as follows: a citrate–ammonium solution with a controlled

pH (8.15) was prepared and to this solution were added, under

stirring, Ca(NO3)2�4H2O (0.2 M) and (NH4)2HPO4 (0.2 M)

solutions. The so obtained solution was then passed through a

0.45 mm Millipore filter and placed in a water bath at 37 8C, for

a period of 24 h. The powders resulting from precipitation were

separated by centrifugation in an ultracentrifuge (Beckman L8-

70 M) at 10,000 rpm at 10 8C for 15 min. The supernatant
liquid was discarded and the powder was washed in distilled

water and dried in a desiccator.

The preparation of apatite particles by spray drying required

the following steps: (i) apatite nanoparticles were suspended in

distilled water (�1 wt.%) and then (ii) used as the feeding flow

of a laboratory spray dryer (Buchi B-191). Operating conditions

of the spray dryer included an inlet temperature of 170 8C and a

spray feed flow of 6 ml/min. The spray dried particles were

collected from the cyclone.

The spray dried apatite granules (SDG) were heat treated at

800 8C during 2 h with a 10 8C/min heating rate. The SDG and

the heat treated SDG (hereafter called HSDG) were tested as

adsorbent and releasing system of the drug 5FU.

2.2. Powder characterization

The crystalline phases were identified by powder X-ray

diffraction (XRD) analysis (Rigaku PMG-VH with CuKa

radiation = 1.5405 Å). The calcium and phosphorus contents of

the precipitated HAP nanoparticles were assayed by induc-

tively coupled plasma spectroscopy (ICP) (ISA Jobin Yvon–

JY70 Plus). The morphology and structure of SDG and HSDG

were observed by scanning electron microscopy (SEM)

(Hitachi S-4100) and transmission electron microscopy

(TEM) (Hitachi H-9000-NA, 300 kV accelerating potential).

For TEM analysis the powders were ground in a mortar, then

dispersed with 2-propanol and scattered over copper grids

covered with formvar film. Fourier transform infrared spectro-

scopy (FTIR) (Mattson galaxy 3020) in transmittance mode

was used to identify the particles functional groups in the range

of 400–4000 cm�1, using KBr pellets. The specific surface area

(SSA) of the granules was determined by N2 gas adsorption,

using the multipoint Brunauer–Emmett–Teller isotherm (BET)

in a Micromeritics Gemini 2370 V5 equipment. Both

differential thermal and thermogravimetric analyses (DTA

and TGA) were conducted on SDG to follow their thermal

behaviour. The analyses were performed from room tempera-

ture up to 1000 8C, with a 10 8C/min heating rate (Setaram

Labsys 1600 under N2 flow) and complemented by FTIR

spectroscopy and XRD analysis of the SDG calcined at several

temperatures (200, 600 and 800 8C).

2.3. Drug loading and delivering

Loading of both types of granules, the as-spray dried (SDG)

and the heat treated at 800 8C (HSDG) with 5FU was performed

via a soaking procedure in 100 ml of a 250 mg/L 5FU solution,

at pH 5.2 and room temperature, for several days. The adsorbed

amount of 5FU by the granules was evaluated by UV–vis

spectroscopy, using the measured maximum absorbance of 5FU

in solution at 265.5 nm [5]. The adsorbed amount of 5FU per

unit weight of HAP granules (Q) was determined from the

relation Q = V(DC)/W, where V(L) is the volume of the soaking

solution in contact with the mass of granules W(g), and DC the

difference between the initial C0 (g/L) and the final Ce (g/L)

concentrations of 5FU in the soaking solutions. The time

dependence of the adsorbate concentration in the soaking



Fig. 2. Thermal analyses (DTA and TGA) of SDG.
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solution was monitored. After soaking, the particles were

filtered off, washed with deionized-distilled water and finally

dried in a desiccator.

In vitro release of 5FU was assayed by immersing the loaded

granules in phosphate buffered solution (PBS) with pH 7.4 at

37 8C. The measurement of the released amount of 5FU in

solution was evaluated by UV–vis spectroscopy at 265.5 nm.

For comparing the behaviour of both 5FU loaded and

unloaded HSDG in a phosphate buffer solution, some HSDG

were immersed in PBS in the same conditions (time,

temperature and pH).

3. Results and discussion

3.1. Characterization of the spray dried particles

The granules SDG produced by spray drying the suspension

of apatite nanoparticles were characterized as hydroxyapatite

(HAP) according to their X-ray diffraction pattern (Fig. 1a) and

no other crystalline phase was detected. The calcium

phosphate ratio (Ca/P) of both precipitated nanoparticles

and SDG was 1.68. Although this value exceeds the

stoichiometric Ca/P it is thought that the precipitated particles

(and SDG) are calcium-deficient HAP being its apparent

calcium surplus explained by the presence of an amorphous

calcium phosphate phase in the precipitated particles and the

existence of adsorbed calcium–citrate complexes, as reported

before [38]. After calcining the granules at 800 8C significant

modifications in crystalline phase composition were noticed.

As shown in Fig. 1 a remarkable increase of HAP crystallinity

together with the crystallization of one new phase, b-

tricalcium phosphate (b-TCP), are observed at 800 8C.

Following literature reports [14,39] the appearance of b-

TCP may be explained as a HAP transformation reaction

product according to Eq. (1).

Fig. 2 characterizes the thermal behaviour of the granules

SDG in the temperature range 25 < T < 1000 8C. As observed

different weight losses occur at different temperature ranges: (i)

an initial steep weight loss (25 � T � 150 8C) accompanied by

an endothermic peak is assigned to the release of weakly
Fig. 1. XRD patterns of SDG (a), SDG heat treated at 200 8C (b), 400 8C (c),

600 8C (d) and 800 8C (e).
physisorbed water; (ii) for temperature increasing beyond

150 8C distinct weight loss regimes followed by broad

exothermic effects are also identified. As previously reported

[38,40] citrate groups derived from the original precipitating

medium of HAP nanoparticles exist as adsorbed species at the

surface of the granules SDG but undergo exothermic

decomposition reactions during heat treatment thereby giving

place to weight losses and heat release. Furthermore a small but

well defined weight loss around 800 8C is worthy being

remarked as it can be attributed to the release of water

accompanying the phase transition from HAP to b-TCP, as

predicted by Eq. (1).

In line with XRD results, the FTIR spectra of the HSDG

(Fig. 3) also evidence the formation of biphasic mixtures of

HAP and b-TCP at 800 8C as confirmed by the decrease in a

broad band corresponding to the vibration of the OH group at

3569 cm�1 [14]. Moreover other vibrational bands assigned to

b-TCP are also present, although they are superimposed by

others more intense groups. The evolution of SDG granules

FTIR spectra with increasing temperature also denotes the

gradual loss of citrate carboxyl groups as indicated by

the decrease in the sharpness of the corresponding peaks in the

region around 1421 and 1598 cm�1. Furthermore, new bands

corresponding to stretching of carbonate groups substituting

OH� in A-type sites and PO4
3� in B-type sites of HAP

structure are evidenced at 600 8C (see Fig. 3) suggesting that

citrate decomposition may account for these carbonate groups.

At 800 8C citrate groups are no longer detected but carbonate

bands are still present though with a much weaker intensity.

These features are consistent with the contribution of citrate

group degradation to the weight loss depicted in Fig. 2, as

discussed above.

The spray dried granules (SDG) were donut shaped with an

average diameter of 5 mm, as illustrated by SEM micrographs

(Fig. 4a). Their large specific area (150 m2/g) is of the same

order of magnitude as that of the individual HAP nanoparticles

(170 m2/g). This fact indicates that the granules SDG are built

by soft agglomeration of the precursor HAP nanoparticles

during the spray drying process, thereby maintaining a

nanometric but also porous architecture. After heat treatment

at 800 8C the granules loose their donut shape becoming more

spherical, as shown in the micrographs of Fig. 4b. The



Fig. 3. FTIR spectra of SDG (a), SDG calcined at 200 8C (b), 400 8C (c), 600 8C (d) and 800 8C (e).
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morphological changes accompanying the increase of tem-

perature coincided with the strong variation of the specific

surface area, which decreased from 150 m2/g for the SDG to

6.2 m2/g for HSDG.

3.2. Drug loading

Most of the studies concerning 5FU deal mainly with

polymeric biodegradable supports such as chitosan [26,31],

PLGA (poy(lactide-co-glycolide) [41] and PGLC (poy(lactide-
Fig. 4. Granules SEM images: spay dried granules (SDG) (a), granules heat treated

(d).
co-glycolide-co-caprolactone). Reports on calcium phosphate

carriers of 5FU are almost inexistent being b-TCP [34] a

worthy mentioning example. In this last case the drug loading

was ensured by a vacuum adsorption technique which seems

more sophisticated than the loading technique used in the

present work. The calcium phosphate granules here reported

were simply soaked in a 5FU solution for several days which

allowed the adsorption of 5FU on the surface of the granules.

Fig. 5 shows the time variation of the drug amount adsorbed

by both type of adsorbents, i.e. the heat treated granules
at 800 8C (HSDG) (b), SDG after 5FU loading (c) and HSDG after 5FUloading



Fig. 5. Immersion time dependence of the 5FU adsorbed amount by SDG (-&–)

and by HSDG (-~-).

C. Santos et al. / Ceramics International 35 (2009) 1587–1594 1591
(HSDG) and the untreated ones (SDG), when immersed into the

5FU solution having a concentration of 250 mg/L. As observed

the initial fast increase of the adsorbed amount of 5FU

gradually slows down towards a final plateau where a constant

quantity of adsorbed drug is reached. The adsorption results

obtained in the present work also demonstrate that the final

amount of adsorbed drug per unit of surface area of HSDG

(�451 mg 5FU/m2) was considerably larger than that corre-

sponding to SDG (�41 mg 5FU/m2). This different adsorption
Fig. 6. SEM picture of SGD (a) and of HSGD (b) after 5FU release in a phosphate bu

presence of HAP indicated by the selected diffraction pattern from its [100] zone axis

axis (e).
behaviour may be assigned to the distinct morphological,

compositional and surface state attributes of both types of

granules. As discussed above, SDG and HSDG present different

crystalline phase composition and different morphologies

(Figs. 1 and 4) which were kept during the 5FU adsorption

essay as accessed through the micrographs presented in Fig. 6.

Furthermore, citrate groups were present in SDG but not in

HSDG, as revealed by FTIR results (Fig. 3). Therefore these

results point out to a different adsorptive ability of each type of

granule relying on their surface chemical composition, mainly

on the presence or absence of citrate groups. According to

previous studies the presence of adsorbed citrate groups

contributes to lower the granule zeta potential and by this way

to decrease the adsorbing ability of the granules towards 5FU

[40]. As heat treatment of the granules at 800 8C decomposed

citrate groups, these chemical species could no longer interfere

on HSDG particle surface charge establishment thereby

explaining the increased adsorption ability of the heat treated

granules towards 5FU [40]. Besides citrate groups, other factors

might have also to be taken into account for explaining the

adsorption behaviour differences between SDG and HSDG.

Hydroxyapatite and b-TCP are crystallographically different:

whereas HAP has a hexagonal structure, b-TCP is rhombohe-

dral, and the surface planes of major density of calcium and

phosphorus ions are different in both structures [9]. It can thus

be expected that the two crystal phases will reveal different

abilities for the adsorption of the 5FU molecule. Moreover, the
ffered solution; TEM microstructure of HSDG after 5FU release (c) showing the

(d) and of b-TCP indicated by the selected diffraction pattern from its [100] zone



Fig. 7. Time dependence of the 5FU released amount for (-&-) SDG and (-~-)

HSDG (a); time dependence of 5FU release rate for SDG and HSDG (b).

Fig. 8. XRD patterns of SGD before 5FU release (a) and after 5FU release (b).
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higher adsorption ability of the heat treated granules at 800 8C
can also reflect the presence of a higher concentration of defects

on their surface, which might offer additional active adsorption

locations [9].

3.3. Drug delivery

Fig. 6 shows the SDG and HSDG SEM micrographs

obtained after seven days of immersion in the PBS solution

used for assessing the 5FU release. As observed for both type of

granules any noticeable morphology modification is identified

when comparing the pictures obtained before and after drug

release (Figs. 4 and 6). This fact suggests that the granules

integrity is preserved during the loading and delivering period.

The release profiles of 5FU by SDG and HSDG in a phosphate

buffer solution are displayed in Fig. 7a. For both type of

granules the release of the drug was very fast at the beginning,

decreasing then gradually after the initial time period. After two

days (48 h) the drug release is complete in both delivery

systems. This equilibrium time of two days exceeds largely the

time of 5 min previously reported for HAP granules [35], being

similar to that observed for other carrier materials [31,34,41]

having equivalent amounts of loaded drug although shorter than

the time required by b-TCP blocks loaded with higher amounts

of 5FU [34].
Despite the similarity of equilibrium times, significant

differences are noticed in the total amount of the released drug

by the two types of granules here reported: for HSDG it reaches

�27.5% of the loaded drug (corresponding to 9 mmol/L)

whereas for SDG it attains 40% of the loaded drug

(corresponding to 30 mmol/L). Besides that the drug release

rates from SDG and from HSDG are also distinct as concluded

from Fig. 7b: while the release rate of 5FU from the untreated

granules decreases with time almost gradually, the treated ones

show a release maximum after �3.5 h. These results point to

different mechanisms ruling the 5FU release process from the

two types of granules, probably accounted by their different

surface characteristics which outcome from their different

crystal phase composition and from their different contents of

adsorbed citrate group, as referred before. According to the

present data HSDG surface displays a higher ability to adsorb

5FU as compared to SDG but its releasing behaviour shows an

opposite tendency since the drug amount released from SDG

clearly exceeds that corresponding to HSDG. This might

indicate a stronger bonding of 5FU to HSDG than to SDG

surface.

XRD patterns of SDG and HSDG obtained before and

after the drug release process are compared in Figs. 8 and 9.

Besides the general decrease of the granules crystallinity an

apparent modification of HSDG crystal phase composition

during the drug release period is also observed as b-TCP is

the only detected phase after 5FU release. The absence of

HAP in the (former) biphasic granules may suggest that

Hydroxyapatite is the crystal phase degrading preferentially

in the present system. As b-TCP has been often reported to

degrade faster as compared to HAP [42], HSDG were further

analysed in order to clarify whether or not HAP is present in

the HSDG after the drug release. Electron diffraction (ED)

results (TEM) respecting HSDG after drug release where

examined and the indexing of selected area diffraction

patterns presented in Fig. 6 enabled two different crystal

structures corresponding to HAP and to b-TCP to be

identified. It is concluded that HAP crystalline phase is still

present in HSDG after the drug release experiment but



Fig. 9. XRD patterns of HSDG before 5FU release (a) and after 5FU release (b).
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probably in amounts too small to be detected by X-ray

analysis.

The observed crystal modifications and their interplay with

the 5FU release process itself are now under investigation.

For demanding biomedical applications requiring the

combination of a drug delivery system with a scaffold material

for bone tissue engineering. heat treated granules may offer

certain advantages. The present results foresee that b-TCP

present on HSDG might be the crystal phase that under

circumstances comparable to those reported in this paper

remains longer and whose presence is desirable as it can

contribute to a faster bone tissue formation, due to its greater

osteoconductivity in vivo [43].

4. Conclusion

Porous apatite granules produced by spray drying suspen-

sions of hydroxyapatite nanoparticles were heat treated at

800 8C for 2 h. The calcination modified the morphology of

the granules and promoted the transformation of a poorly

crystalline HAP into a biphasic mixture of a more crystalline

HAP and a crystalline b-TCP. In addition the surface reactivity

of the granules through the elimination of the adsorbed citrate

species, resulting from the HAP nanoparticles synthesis

process, was also modified. Consequently a significant increase

of the adsorptive capacity of the granules towards the drug 5-

Fluorouracil occurred. Furthermore the drug release rates were

different being even noticed an opposite trend in the drug

releasing ability of the granules as confirmed by the larger

amount of released 5FU by the untreated granules as compared

to the heat treated ones. Since the particular drug release profile

exhibited by each type of granule was accompanied by a

variation of its crystallinity a possible interplay between the

5FU release process and the dynamics of the granule crystal

phase evolution are here addressed.
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