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Abstract
Objectives: To develop alkaline-treated polycaprolactone (PCL) and Zr-
hydroxyapatite (Zr-HA) and fabricate their mixtures as drug delivery systems
for dental application. Methods: PCL was subjected to hydrolysis by using
concentrated NaOH. Zr-HA was synthesized by co-precipitation reaction
that contained Ca(NO3)2, (NH4)2HPO4 and ZrO2 at 65OC. The obtained
materials were characterized by using techniques such as X-Ray Fluorescence,
Fourier Transform Infrared Spectroscopy, X-Ray Diffraction, or rheometric
analysis. Various compositions of the Zr-HA and the modified-PCL were used
for preparing drug delivery systems, and properties including cytotoxicity,
degradation, and toluidine blue (TB) binding/releasing were investigated.
Findings: The synthesized Zr-HA was more non-stoichiometric than HA-
control. Improved hydrophilicity was evident for the modified-PCL. Drug
carriers composing of the Zr-HA and the modified-PCL were increasingly
degradable in phosphate buffer saline solution compared to those containing
HA/PCL-control, resulting in 9% and 6% weight loss after 8 weeks of the
immersion, respectively. Binding of TB on the Zr-HA/the modified-PCL mixture
increased while the release of such bound dye decreased in comparison with
that of HA/PCL counterpart. All of the developed materials were non-cytotoxic
based on MTT assay using L929 cell line. Novelty: Partial inclusion of Zr4+ ions
in Ca2+ lattices ofHA resulted in fairly degradable Zr-HA. Shortening the epsilon-
caprolactone units of PCL by strong bases was simple in producing fragmented
PCL polymer that exhibited improvement of hydrophilic interaction towards
another. Varying the weight ratios of the Zr-HA and the modified-PCL when to
prepare drug carriers is possible to acquire optimal binding/releasing profiles
of drugs in dental cavities.
Keywords: Dental ceramic; hydroxyapatite; polycaprolactone; surface
hydrophilicity; drug delivery system
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1 Introduction
Dental and periodontal care in restorative dentistry is superior when using biocompatible and biodegradable drug delivery
systems to eradicate bacterial infection, restore wound, and guide bone regeneration because re-operation will not be carried
out (1) and drug bioavailability will be boosted by the limited diffusion and degradation of the loaded drugs (2). Osseous tissues
including teeth are mainly constituted by ions of calcium (Ca2+) and phosphate (PO4

3-) in a form of hydroxyapatite (HA).
Indeed, native HA is structurally non-stoichiometric because trace cations such as Na+, K+, Mg2+, Sr2+, Zn2+, and Al3+ and
anionic species like F-, Cl-, SO4

2-, and CO3
2- are included in HA molecular lattices. These ionic inclusions are determined to

associate the strength and the regeneration capacity of bones (3). Several types of non-stoichiometric HA have been prepared
in laboratories for various purposes. For example, zirconia doped HA has shown lowered degree of crystallinity in accompany
with hardness decrement (4). Co-substitution of Zr4+ andCe3+ ions in themolecular lattices of HA and Fluoro-HAhas exhibited
a positive consequence on their toughness (5). Insertion of Sr2+ in HA lattices has been inductive for apatite formation and
mineralization (6). Previously, HA has been used in restorative procedures as bone cement for increasing bone fixation (7).
Furthermore, this ceramic has been speculated as a suitable niche for drug loading in drug delivery systems due to the
properties like high porosity and great binding affinity (8). It might be used as a durable support in severe damaged bones as well
because insignificant amount of HA (~1-2%) is degraded in physiologic environment per year (9). However, HA has different
drawbacks that limit its applications, such as poor compressive strength, low toughness, and inferior elasticity. Interestingly,
such the deficiencies have been improved for example by including biodegradable polymers such as polylactic acid, to result
in composites suitable for restorative maxillofacial surgery (10). Polycaprolactone (PCL) is a familiar biodegradable polymer
in bone tissue engineering/regeneration. However, the polymer is fairly hydrophobic that is restrictive for water adsorption
and cell adhesion, consequently leading to biologically inactive. Incorporation of HA into PCL has exhibited improvement
of the polymer’s bioactivity (11,12). In this research, another non-stoichiometric Zr-HA was synthesized in that Ca2+ ions were
competitively substituted by Zr4+ ions while co-precipitated to formHA.Thin-film of PCLwas produced before to be incubated
with concentrated NaOH to accelerate the rate of alkaline hydrolysis. Material characterizations were performed by using
techniques such as X-Ray Diffraction (XRD), X-Ray Fluorescence (XRF), Fourier Transform Infrared Spectroscopy (FTIR), or
rheometric analysis. Drug delivery fillers containing different weight ratios of the Zr-HA and the modified-PCL were prepared.
This was followed by the determination of cytotoxicity, degradability, and binding/releasing property using TB as amodel drug.
Results acquired would be valuable towards subsequent researches in developing drug delivery systems for extemporaneous use
in maxillofacial surgery and restorative dentistry.

2 Methodology

2.1 Materials

All the used chemicals were of analytical grade. Chloroform and sodium chloride (NaCl) were acquired from RCI Labscan
Limited (Bangkok, Thailand). Toluidine blue was obtained from Fluka (Buch’s, Switzerland). Polycaprolactone (MW ~14,000
Da), diammonium hydrogen phosphate ((NH4)2HPO4), sodium bicarbonate (NaHCO3), potassium chloride (KCl), and acetic
acid were purchased from Sigma-Aldrich Corporation (Missouri, USA). Calcium nitrate tetrahydrate (Ca(NO3)2.4H2O) and
zirconium oxide (ZrO2) were obtained from Riedel-de Haën (North Carolina, US). Nitric acid (HNO3), hydrochloric acid
(HCl), ethanol, and potassium dihydrogen phosphate (KH2PO4) were acquired fromMerck (Darmstadt, Germany). Ammonia
solution (25%) was bought from LobaChemie (Mumbai, India).

2.2 Synthesis of Zr-HA

To synthesize Zr-HA, our previously described method was adopted (13). In brief, 100 mL of 0.6 M (NH4)2HPO4 solution were
gradually added into a beaker containing 100 mL of 1.0 M Ca(NO3)2·4H2O at 65OC with gentle stirring. By theory, 0.1 mole
HA is formed using these rigorous reactants. Next, ZrO2 weighing equivalent to 0.01 or 0.05 mole was added while stirring.
Concentrated nitric acid was gradually added until clear solution was obtained.The reaction pHwas adjusted to pH 11 by using
25% ammonia and aged overnight at room temperature with continuous stirring. The formed precipitate was filtered through
Whatman filter paper No. 42 and washed several times with DI water. The filtered powder was dried at 80OC in a hot-air oven,
followed by sintering at 1150OC for 4 h in the air. The sintered powder was soaked in phosphate buffer saline solution (PBS)
for 14 days before removal. Excess PBS was completely washed out by using DI water. The resulting Zr-HA was dried at 80OC
and ground to fine powder by using a ball mill machine (HSM 100H, Herzog GmbH, Germany). Two Zr-HA products were
obtained, namely 0.1Zr-HA or 0.5Zr-HA, depending on the number of moles of ZrO2 being added. They were kept in close
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containers at room temperature until use.

2.3 Production of the modified-PCL

A solution of 50% w/v PCL in chloroform was prepared. Five milliliters of this solution were poured onto a glass Petri dish and
left overnight in a fume hood. After that thin film of PCL was formed. Excess volume of NaOH solution, 3M or 5M, was poured
on top to completely cover the film for 6 h. Then, the base solution was drained off, and the film was washed several times by
using DI water until the pH of the washed water getting neutral.The alkaline-treated filmwas dried in the air and ground to fine
powder using a mortar. Two types of the modified-PCL were developed, namely 3M-PCL or 5M-PCL, depending on NaOH
concentration being used for the incubation. They were kept in well-close containers at room temperature until use.

2.4 Preparation of the Zr-HA/the modified-PCL composites

Composites that contained the Zr-HA and themodified-PCL at 1:2 and 2:1 w/w ratios were prepared. Briefly, themodified-PCL
powder was completely reconstituted in chloroform in a tube into which the Zr-HA powder was gradually added.The tube was
gently rolled until homogeneous paste was acquired. The paste was air-dried for 3 days in a fume hood and ground to be fine
grain using a mortar. The resulting composite was kept in a close container until use.

2.5 Material characterizations

2.5.1 XRF of the Zr-HA
TheXRF spectrometer (PW 2400, PHILIPS PANalytical,TheNetherlands) was used for determination of H, C, N, O, Ca, P, and
Zr that would present in the synthesized Zr-HA. The instrument was operated at 3 kW in a 1 Pa vacuum chamber to prevent
artifacts from the air. The 2θ range of 0-100 mrad (0 – 6O) was recorded.

2.5.2 FTIR of the modified-PCL
A KBr dish containing an equal weight of the modified-PCL and potassium bromide was prepared by using a suitable pressing
apparatus. FTIR spectra were recorded by using the FTIR spectrometer (Perkin-Elmer, USA) within a wavelength range of 4400
- 450 cm-1 at 8 cm-1 resolutions.

2.5.3 Viscosity of the modified-PCL
Five grams of the modified-PCL were dissolved in 10 mL chloroform to produce 50% w/v solution, which was measured for
the viscosity at room temperature using the rotational rheometer (DV-IIITM Ultra, BROOKFIELD, USA) according to the
instrument’s guidelines.

2.5.4 XRD of the prepared composites
TheX-Ray diffractometer (XRD, PHILIPS X’Pert MPD,TheNetherlands) was used for recording XRD profiles.The instrument
was operated using Cu Kα radiation (λ=1.54060 Å) at a voltage of 40 KV. The 2θ range of 5.0 and 90.0O was conducted by
scanning with an incident angle of 0.2O and an increasing rate of 2.4O per minute.

2.5.5 Scanning Electron Microscopy (SEM
The scanning electron microscope (Quanta 400; FEI, Brno, Czech Republic) was used for determining surface morphologies
of the mixed composites after gold coating.

2.6 In vitro degradation

A test sample was weighed to obtain an original weight (W0). This weighed sample was immersed in PBS for a time period of 8
weeks at room temperature. Such the immersed sample was removed at a certain time duration, washed several times by using
distilled water, air-dried for 4 h, and then freeze-dried.The dried sample was weighed again and the weight was recorded asWn
(where n = 1, 2,…, or 8 weeks of the immersed duration). The % degradation was calculated by using the equation below:

% Degradation = W0−Wn
W0 x 100
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2.7 Binding and releasing of TB to and from the composites

TB was used as a model drug in binding/releasing assays because various affinities were speculated to involve the TB binding,
such as dipole-dipole, charged-charged, and hydrophobic/plan interactions. Furthermore, it was simple to quantify the amount
of the dye that bound to or released from test specimens by measuring the OD630 of the dye solution under investigated. In
brief, TB solution at a concentration of 0.4 mgmL-1 in water was prepared andmeasured for the OD630 (A0). A test sample was
added into a tube containing 1mL of the dye solution and left for 24 h at room temperature.Then, the OD630 of the supernatant
was recorded (A1). The %TB binding was calculated by using the equation as follows:

% TB binding = A0−A1
A0 x 100

To draw the corresponding release profile, such immersed sample was taken out from the tube. Excess dye was removed
by washing several times with distilled water and placed it on an absorbent paper to remove excess water. After that it was
immersed in another tube containing 5 mL of PBS. Release test was carried out at 37OC for 120 h during which the supernatant
was taken out for measuring the OD630. The % TB release was calculated by comparing with the TB standard curve.

2.8 Cytotoxicity of the composites

A test composite was immersed in 2 mL of PBS for 24 h at room temperature with gentle shaking. The supernatant was filtered
through a 0.22-µm syringe filter and used as a test solution. Mouse fibroblast cell line L929 (ATCC) was kindly obtained from
Prof. Teerapol Srichana (Faculty of Pharmaceutical Sciences, Prince of Songkla University, Thailand). The cells were routinely
grown in Minimum Essential Medium alpha (MEM-α) supplemented with 10% fetal bovine serum, 100 units mL-1 penicillin
and 100 µg mL-1 streptomycin in a 5% CO2 incubator at 37OC. The medium was changed every 3 days. MTT method was
applied for cytotoxic measurement according to the previous literature (14). Briefly, ~90% confluence of the cell monolayer in
a well of 96-wells plate was prepared. The medium was removed immediately before testing. A mixture of 120 µL of MEM-α
and 50 µL of a test solution was added into each well, and the cells were incubated in the incubator for 24 h at 37OC. After
the medium was withdrawn, 100 µL of MTT solution (5 mg mL-1 in MEM-α) were added and incubated for 4 h in the CO2
incubator before removal. A hundred microliter of dimethyl sulfoxide was added for dissolving formazan product as produced
by live cells. The OD570 was measured. The % viability was calculated by comparing with the OD570 of the untreated cells that
considered as 100% viability.

2.9 Statistical analysis

Each experiment was done in triplicate. Data were expressed as means ± standard error of the mean (SEM). Student’s t-test
of IBM SPSS Statistics version 23 was used to evaluate differences between results. The p-values of < 0.05 were considered
significantly different.

3 Results and Discussion

3.1 XRF spectroscopy

The Zr-HA was synthesized in this study as HA analogue by using wet precipitation method from the stringent mole ratios
of Ca(NO3)2, (NH4)2HPO4 and ZrO2 at 65OC and characterized by using XRF and XRD spectroscopy. These techniques
are non-destructive and often used for analysis of major or trace elements in rocks, minerals, and sediment. Of the former
technique, a set of characteristic fluorescent peaks are emitted after a compound has been excited by bombardment with high-
energy X-rays or gamma rays of XRF spectrometer (15). Concentrations in % mole of Ca, P, Zr and others that would present
in the Zr-HA samples were quantified and the Ca/P ratios were calculated. The results were shown in Table ?? and Table 2,
respectively. The Ca/P ratio of 1.67 has been theoretically assigned to the perfectly stoichiometric HA crystal (16). Instead, the
Ca/P ratio of 2.45 was accounted for a HA sample purchased from Sigma-Aldrich. In accordance, this commercialized HA was
considered structurally defective and non-stoichiometric although product specification concerning XRD result has indicated
it as hydroxyapatite. For the recently synthesized compounds, namely HA, 0.1Zr-HA and 0.5Zr-HA, the Ca/P ratios of 2.67,
2.62 and 2.59 were respectively apparent. Then, the crystal structures of these materials were determined to be highly non-
stoichiometric compared to the bought HA. Moreover, substitution of Zr4+ ions (as dissolved from ZrO2) in Ca2+ lattices of
HA possibly occurred although the ionic radius of Zr4+ ion is significantly longer than that of Ca2+ ion (~13.5 Å and ~11.4 Å,
respectively) (17).Themagnitude of Ca2+-Zr4+ replacement was enhanced in response to an amount of ZrO2 increasingly added
from 0.1 mole to 0.5 mole.Therefore, the lowered crystallinity of 0.5Zr-HAwas implicated by comparing with that of 0.1Zr-HA
and the synthesized HA. Whether the difference in the crystallinity would have a consequence on the degradability was then
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to be clarified (18).

Table 1. Concentrations in % mole of H, C, N, O, Ca, P, and Zr in 0.1Zr-HA and 0.5Zr-HA, determined by XRF spectrometer
Concentration (% mole)
Sample H C O Ca Zr Si Fe
0.1Zr-HA 0.009 0.106 0.123 39.042 43.270 16.487 0.963 << <<
0.5Zr-HA 0.019 0.230 0.269 38.412 40.565 15.649 4.857 << <<
<<: less than the limit of detection

Table 2.The calculated Ca/P ratios and the % mole of Zr as detected by XRF spectrometer
Sample Ca/P ratio Zr (% mole)
HA (theoretical) 1.67 -
HA (Fluka) 2.45 Not found
The synthesized HA 2.67 Not found
0.1Zr-HA 2.62 0.963
0.5Zr-HA 2.59 4.857

3.2 FTIR spectroscopy and rheometric analysis of the modified-PCL

Thin film of PCL was prior generated to increase contact surface area for alkaline hydrolysis based on the surface-erosion
mechanism (19). NaOH solution of 3 or 5 mole L-1 was separately used for hydrolyzing the PCL film. Two products, respectively
called 3M-PCL and 5M-PCL, were acquired. FTIR spectra of the unmodified PCL, 3M-PCL, and 5M-PCL were demonstrated
in Figure 1.There were similarities of peaks around 850-400 cm-1.Thus, the basic ε-caprolactone units were commonly present
in all tested polymers. Cutting the aliphatic ester bonds of PCL by this strong base was productive, resulting in fragmented PCL
polymer that would be different in the numbers of the ε-caprolactone units depending on factors such as the base concentration,
time duration of contact, as well as surface area of contact (20). Of these samples, peaks around 3600-2500 cm-1, 1750-1680
cm-1, and 1460-1380 cm-1 were also coherent, corresponding to carboxylic acid O-H stretching, carboxylic acids and esters
C=O stretching, and sp3 C-H stretching, respectively. The most intense peaks were noticeable for 5M-PCL. The peaks with
moderate %T were revealed by 3M-PCL, and those with the weakest %T were apparent for the unmodified PCL. Presumably,
5M-PCL sample was constituted by the most shortened PCL fragments with the least numbers of the ε-caprolactone units of
the fragments compared to 3M-PCL and the parent PCL counterparts (21). It was possible to increase the magnitude of PCL
fragmentation by using the more concentrated alkaline solution (22). The viscosity of 50% w/v solutions of the parent PCL,
3M-PCL, or 5M-PCL were determined to be 185.90, 165.27, or 124.73 centipoise (cP), respectively [Table 3]. Again, there was
consistency between FTIR result and that of the viscosity. To this regard, PCLwas greatly fragmented by using 5mole L-1 NaOH
compared to the 3M concentration, leading to an extensive reduction of the viscosity with the existence of very strong pecks
corresponding to O-H and C=O stretching of 5M-PCL. Consequently, 5M-PCL was suggested to have greater hydrophilicity
than 3M-PCL.

Table 3.The viscosity of 50% w/v solution in chloroform of the unmodified PCL, 3M-PCL and 5M-PCL
Sample Viscosity (cP)
Unmodified-PCL 185.90±0.30
3M-PCL 165.27±0.70
5M-PCL 124.73±0.11

3.3 XRD spectroscopy and in vitro degradation

In the subsequent experiment, 0.5Zr-HA and 5M-PCLwere physicallymixed at 1:2 and 2:1 w/w ratios to produce porous grains.
The diameter of the grains was approximately 2-5 mm independent of the mixed weight ratio (Figure 2 insert). XRD plots were
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Fig 1. FTIR spectra of the untreated PCL, 3M-PCL, and 5M-PCL; The alkaline treatment was carried out for 6 h at room temperature.

shown in Figure 2. The diffraction of 5M-PCL was insignificantly apparent at 2θ = 21.320◦, 23.678◦, 25.709◦, and 28.185◦ (22).
Instead, there were characteristic diffraction peaks of HA at 2θ = 22.902◦, 46.711◦, 48.103◦, and 53.143◦; monoclinic zirconium
at 2θ = 24.052◦, 28.172◦, and 54.062◦; tetragonal zirconium at 2θ = 30.262◦, 50.372◦, and 60.202◦; octa-calcium phosphate at
2θ = 31.662◦; amorphous calcium phosphate at 2θ = 40.862◦; and dicalcium phosphate anhydrate at 2θ = 22.032◦, 45.402◦ and
51.530◦.The relatively weak diffraction at 2θ = 22.032◦ and 46.711◦ became significant as the amount of 0.5Zr-HA increased in
the 2:1 w/w composite. Octa-calcium phosphate, amorphous calcium phosphate, and dicalcium phosphate anhydrate were
formed as secondary phases in addition to monoclinic zirconium. This monoclinic phase of zirconium has been stable at
temperatures below 1170 OC (23) and was predicted to present as a major phase in the synthesized Zr-HA after it was sintered at
1150 OC. Due to the deformed prism of the monoclinic zirconium, its presence could be disruptive for the Zr-HA precipitation
that led to the formation of various calcium phosphate compounds. To our knowledge, the lattice centers of Rb+/Se2+ doped
HA have been destabilized, and this has rendered it greatly degraded (22). Based on the XRF and XRD results, 0.5Zr-HA was
implicated to be more structurally defective and non-stochiometric than 0.1Zr-HA, the synthesized HA, as well as the brought
HA.That the structural integrity of Zr-HA ceramics would affect their degradation was proved after immersed in PBS at 37OC
for 8 weeks. Graphs of % weight loss as a function of soaking time periods were shown in Figure 3.

Fig 2. XRD diffractograms of the commercial HA and composites of 1:2 w/w 0.5Zr-HA/5M-PCL and 2:1 w/w 0.5Zr-HA/5M-PCL; the 2θ
of HA (circle) at 22.902◦, 46.711◦, 48.103◦, and 53.143◦; the 2θof monoclinic zirconium (triangle) at 24.052◦, 28.172◦, and 54.062◦; the 2θ
of tetragonal zirconium (square) at 30.262◦, 50.372◦, and 60.202◦; the 2θof octa-calcium-phosphate (diamond square) at 31.662◦; the 2θ of
amorphous calcium-phosphate (pentagon) at 40.862◦; and the 2θof dicalcium-phosphate-anhydrate (star) at 22.032◦, 45.402◦ and 51.530◦;
Figure 2 insert SEMmicrograph of grains of 0.5Zr-HA/5M-PCL mixtures

Increased degradation was evident for samples containing 5M-PCL compared to those composing of the unmodified-PCL,
i.e., 9% and 6% weight loss were corresponded to the 2:1 w/w samples of 0.5Zr-HA/5M-PCL and 0.5Zr-HA/PCL, respectively.
Indeed, losing of the % weight was significant for composites that contained greater weight ratio of 0.5Zr-HA, i.e., 0.5Zr-
HA/PCL (2:1 w/w) and 0.5Zr-HA/PCL (1:2 w/w) exhibited 7% and 6% weight loss, respectively. In accordance, the ability to
absorb water of these mixtures was definitely related to the amounts of 0.1Zr-HA and 0.5Zr-HA therein. As the hydrophilicity
of PCL and its modified analogues was arranged in an increased order of PCL < 3M-PCL < 5M-PCL, the absorbed water that
available was beneficial for inducing degradation of the Zr-HA ceramics and hydrolysis of the polymers to result in significant
weight loss (24).
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Fig 3. Graphs of % weight loss as a function of times of samples containing 0.5ZrHA/ PCL and 0.5ZrHA/5M-PCL at 1:2 and 2:1 w/w ratios;
*, p< 0.05; **, p < 0.01

3.4 Binding and releasing of TB

TB was used as a model drug to assess binding affinity and release property to and from drug carriers recently prepared. Likely,
dipole-dipole, π−π and charged-charged interactions weremediated in TB binding. In Figure 4, the levels of 13.6%, 17.9%, and
52.6% of the dye were calculated to bind to the 2:1 w/w samples of 0.5Zr-HA/PCL, 0.5Zr-HA/3M-PCL, and 0.5Zr-HA/5M-PCL,
respectively. For the 2:1 w/w mixtures containing 0.1Zr-HA/PCL, 0.1Zr-HA/3M-PCL, and 0.1Zr-HA/5M-PCL, the binding of
13.2%, 18.5%, and 48.6% were respectively accounted. It was noticed that the dye would have greater affinity to samples that
contained 5M-PCL compared to those of the parent PCL and 3M-PCL. In addition, replacement of 0.1Zr-HA constituent by
0.5Zr-HA counterpart did not affect the TB binding. Presumably, interactions between TB and the unmodified PCL were not
sufficiently strong, corresponding to rapid release of the dye from 0.5Zr-HA/PCL specimens after immersed in PBS. Results
of TB release test were shown in Figure 5A-C. Clearly, burst release was not detected. Rapid release was apparent within 15
h of the immersion, and gradual release was followed throughout the 120-h time period. Concerning 0.1Zr-HA/PCL and
0.5Zr-HA/PCL composites, the release was maximum at 70%, and the corresponding release profiles were slightly different
[Figure 5A]. Superimposition between the release profile of 0.1Zr-HA/3M-PCL sample and that of 0.5Zr-HA/3M-PCL was
indicated, reaching the maximum at 60% [Figure 5B]. Additionally, the release profile of 0.1Zr-HA/5M-PCL composite was
lined above that of 0.5Zr-HA/5M-PCL specimen and approached the maximum at 40% and 35%, respectively [Figure 5C].
Therefore, TB was relatively preferent in binding to 0.1Zr-HA ceramic compared to 0.5Zr-HA counterpart. In substitution of
3M-PCL by 5M-PCL and the parent PCL by 3M-PCL for the prepared mixtures, again, the dye was highly adherent to those
containing 5M-PCL compared to those composing 3M-PCL and the untreated PCL. Taken together, surface hydrophilicity
of 0.5Zr-HA/5M-PCL samples were presumably greater than those of 0.5Zr-HA/3M-PCL and 0.5Zr-HA/PCL (25), resulting in
that the binding of TB on the former carrier systemwas promoted. Consequently, modification of the hydrophobic/hydrophilic
property of any drug carriers was possible, and this would be carried out for obtaining desirable drug loading/releasing
characteristics (26).

Fig 4. Graphs of % TB binding of composites containing different HA ceramics and PCL or the modified PCL at a 2:1 w/w ratio; **, p < 0.01
5ZrHA/5M-PCL at 1:2 and 2:1 w/w ratios; *, p < 0.05; **, p < 0.01

3.5 Cytotoxicity testing

MTT method was applied for evaluation of cytotoxicity of the established drug delivery systems using L929 fibroblast cell
line. In Figure 6, the % cell viability after challenged with any tested solution for 24 h was not significantly different from that
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Fig 5. TB release profiles after immersed in PBS for 120 h of composites: (A), 0.1Zr-HA/PCL and 0.5Zr-HA/PCL; (B), 0.1Zr-HA/3M-PCL
and 0.5Zr-HA/3M-PCL; and (C), 0.1Zr-HA/5M-PCL and 0.5Zr-HA/5M-PCL, all mixtures were prepared at a 1:2 w/w ratio

of the control. The result suggested that all the recently developed materials were preliminarily noncytotoxic.

Fig 6.Graphs of % viability of L929 fibroblast cells after treatment for 24 h as determined by MTT method, A sample was immersed in 2 mL
PBS for 24 h at room temperature with gentle shaking, and the supernatant was filtered through a 0.22-µm syringe filter before use in the
cytotoxicity testing.

4 Conclusion
HA is one of inorganic materials frequently used to blend with biodegradable polymers for preparation of implants or drug
carriers, which to be applied in maxillofacial surgery and restorative dentistry. The in vitro degradation of these composites is
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controlled by their physicochemical properties and is helpful in prediction of their persistence in oral cavities. To maximize
the restoring outcomes, appropriate degradability of any developing materials needs to be tailored in vitro. Decreasing the
crystallinity of HA by Zr4+ insertion is another attractive procedure to gain the more non-stoichiometric, highly degradable,
and rather porous 0.1Zr-HA and 0.5Zr-HA compared toHA. Increased hydrophilicity of PCL is obtainable by using concentrate
NaOH for hydrolysis because hydroxyl functional groups of the fragmented PCL are increasingly existent. The degradability
and dye binding affinity of the resulting compound pairs, 0.1Zr-HA/0.5Zr-HA and 3M-PCL/5M-PCL, are superior compared
to the unmodifiedHA and PCL. Preparation of composites containing different weight ratios of Zr-HA and themodified-PCL is
valuable for extemporaneous use as drug carriers/fillers in oral cavities of restorative procedures. Increase of the bioavailability
of drugs and decrease of drug adverse effects are hopeful with their utilization. Although all the recently prepared materials are
non-cytotoxic in vitro, other related in vivo toxicities, including inflammatory responses are awaited to clarify using rat model.
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