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Abstract
Powders composed of four morphologically different calcium phosphate particles were prepared
by precipitation from aqueous solutions: flaky, brick-like, elongated orthogonal, and spherical.
The particles were then loaded with either clindamycin phosphate as the antibiotic of choice, or
fluorescein, a model molecule used to assess the drug release properties. A comparison was
carried out of the comparative effect of such antibiotic-releasing materials on: sustained drug
release profiles; Staphylococcus aureus growth inhibition; and osteogenic propensities in vitro.
Raman spectroscopic analysis indicated the presence of various calcium phosphate phases,
including monetite (flaky and elongated orthogonal particles), octacalcium phosphate (brick-
shaped particles) and hydroxyapatite (spherical particles). Testing the antibiotic-loaded calcium
phosphate powders for bacterial growth inhibition demonstrated satisfying antibacterial properties
both in broths and on agar plates. All four calcium-phosphate-fluorescein powders exhibited
sustained drug release over 21 days. The calcium phosphate sample with the highest specific
surface area and the smallest, spherical particle size was the most effective in both drug loading
and release, consequently having the highest antibacterial efficiency. Moreover, the highest cell
viability, the largest gene expression upregulation of three different osteogenic markers –
osteocalcin, osteopontin and Runx2 - as well as the least disrupted cell cytoskeleton and cell
morphologies were also noticed for the calcium phosphate powder composed of smallest,
spherical nanosized particles. Still, all four powders exerted a viable effect on osteoblastic
MC3T3-E1 cells in vitro, as evidenced by both morphological assessments on fluorescently
stained cells and measurements of their mitochondrial activity. The obtained results suggest that
the nanoscale particle size and the corresponding coarseness of the surface of particle
conglomerates as the cell attachment points may present a favorable starting point for the
development of calcium-phosphate-based osteogenic drug delivery devices.
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Introduction
The prevalence of bone disease is expected to rise in the decades to follow.1 Osteomyelitis,
that is, bone infection caused by various pathogens, many of which reside in healthy oral
flora, affects 1 in 5000 people, mainly elderly and children, and its conventional treatments
involve long-term antibiotic therapies coupled with surgical removal of portions of diseased
or dead bony tissue.2, 3 While prolonged administration of antibiotics produces undesired
effects following its nonlocal distribution in the body, significant bone loss requires the
application of typically non-biodegradable extraneous implants to maintain the skeletal
integrity of the affected area and/or minimize the effects of its unaesthetic disfigurement.4

To address this imperfect therapeutic approach, development of a material for simultaneous
(a) sustained and localized delivery of antibiotics, and (b) induction of spontaneous
regeneration of hard tissues affected by disease would be desirable and is what comprises
the central subject of this study. Previously, we developed calcium-phosphate-based carriers
for the local delivery and sustained release of antibiotics at different time scales.5, 6 Ensuring
simultaneous bactericidal and osteoinductive properties of the drug/carrier composite is a
prerequisite for its successful application in the treatment of osteomyelitis.

Optimization of particle properties for their most favorable interface with cells and tissues is
of great interest for the biomedical community and a great challenge for the field of
biomaterials. Alongside size, roughness, functionalization of the surface or zeta potentials,
the particle morphology presents an important consideration in this respect, especially since
it is known that different morphologies of the same chemical composition may trigger
drastically different cell responses. For example, cylindrical zeolite particles of ~ 100 nm in
size were shown to be markedly more toxic than cubic, cuboid or spherical ones.7 That
elongated nanoparticles could be in general more toxic than spherical or orthogonal ones can
be supported by the finding of markedly more reduced viability of cells treated with Ag
wires (100 – 160 nm in diameter and the aspect ratio of 10 – 20) than those treated with
spherical Ag particles.8 As for CAP, studies on growth inhibition and apoptosis in primary
cultured rat osteoblasts concordantly suggested a greater harm done to the cells by the
needle-shaped than by the spherical particles.9 The production of various inflammatory
cytokines by human monocytes was also induced to a greater extent by the needle-shaped
CAPs than by any other morphology, while different specific surface areas of CAPs did not
have any effect.10 It has been similarly demonstrated that needleand plate-shaped particles
are significantly more cytotoxic and conducive of inflammatory cytokine expression than
spherical ones on BEAS-2B cells of bronchial epithelium and RAW 264.7 macrophages.11

In a different study, however, neither of the rod-, plate- or needle-shaped hydroxyapatite
particles were shown to be toxic, at least up to the concentrations of 5 mg/ml, in the very
same RAW 264.7 cultures12, suggesting that ultrafine topological features may be
responsible for determining the viability of cell response as well as that narrow windows of
particle dimensions may foster favorable cell-particle interactions, alongside other,
nonmorphological factors. Such selective favoring of topographic features of specific
dimensions by cells is now a well confirmed phenomenon.13–16 In this work, we expand our
former studies with the aim to further optimize the osteogenic and antibiotic performance of
CAPs as drug delivery carriers by synthesizing four different morphologies of their
submicron-sized constituents and subjecting them to analyses of their (a) drug release
profiles; (b) antibacterial activity against Staphylococcus aureus, the main causative agent of
osteomyelitis; and (b) the osteoblastic cell response in vitro.
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Materials and methods
Synthesis and characterization of clindamycin-containing calcium phosphate powders

Table 1 lists ionic concentrations and other conditions used in the synthesis of four different
powders composed of calcium phosphate (CAP) particles of submicron dimensions. To
prepare samples A – C, 100 ml solutions composed of Ca(NO3)2, NH4H2PO4 and urea were
covered with aluminum foil to prevent evaporation, heated to 88 °C and then subjected to an
ultrasound field using a Q700 QSonica ultrasonicator, a regular, ½’’ tip, the amplitude equal
to 20 and pulse on/off time of 2/1 s for different processing periods (Table 1). The
decomposition of urea17 at elevated temperatures proceeds according to Eq.1, yielding
NH4OH as a product. The resulting gradual increase in pH has led to precipitation of one of
the following phases: (a) anhydrous dicalcium phosphate, a.k.a. monetite (Eq.2; samples A
and C), (b) octacalcium phosphate (Eq.3; sample B), or (c) hydroxyapatite (Eq.4; sample D).

(Eq. 1)

(Eq. 2)

(Eq. 3)

(Eq. 4)

After the reaction times ranging from 1 – 3 h, the samples were cooled down to room
temperature and aged in air for 12 h. The precipitates were then sedimented in the
centrifugal field (3500 rpm) for 5 min, separated from the supernatant and dried in a vacuum
oven (p = - 20 mmHg) at 60 °C.

Sample D was prepared by adding 200 ml of the aqueous solution of NH4H2PO4 containing
12.5 ml 28 % NH4OH dropwise (13 ml/min) to the same volume of the aqueous solution of
Ca(NO3)2 containing 25 ml 28 % NH4OH, vigorously agitated using the same
ultrasonication conditions as noted above. After the addition of NH4H2PO4 was complete,
the precipitate alongside its parent solution was left to age in atmospheric conditions for 12
h. After the given time, the precipitate was washed once with deionized (DI) H2O,
centrifuged (5 min at 3500 rpm), and dried in a vacuum oven (p = - 20 mmHg) at 60 °C.

To load the powders with the antibiotic or a similarly sized fluorophore, the agitationassisted
precipitation was followed by cooling down to room temperature, after which the volume of
the suspension was divided to two parts. Clindamycin phosphate (CL; Tokyo Chemical
Industry) in the amount of 100 mg was introduced to one part, while the other part had 0.2
mg fluorescein-Na (Sigma) added to it, after which the suspensions underwent a 12 h aging
period, followed by centrifugation and drying.

The morphologies and dimensions of the obtained particles were assessed using a Carl Zeiss
Ultra 55 field-emission scanning electron microscope (FE-SEM) at the voltage of 2 kV. All
samples were sputtered with iridium (~ 3 nm) prior to observation. High-resolution
transmission electron microscopy (HR-TEM) analysis was performed on an FEI
monochromated F20 UT Tecnai microscope under the electron acceleration voltage of 200
kV. The phase composition of the powders was analyzed on a Renishaw inVia Reflex
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Raman microscope, in the high throughput mode, using low laser power of 2 – 5 mW, λ =
532 nm, the groove grating of 2400, and a 50x objective.

Drug release
Drug release experiments were conducted by immersing 1 mg of each fluorescein-loaded
CAP powder in either 100 or 300 µl of 20 mM Tris/HCl (pH 7.4), and incubating it at room
temperature under agitation on a shaker plate (60 rpm) for up to three weeks. In the former
case (100 µl), the medium was sampled out in its entirety every 24 h and analyzed for
fluorescence (Packard Fluorocount, λexcitation = 495 nm, λemission = 525 nm) convertible to
the concentration of the released fluorophore, before being replaced with fresh medium to
prevent its saturation. In the latter case (300 µl), 100 µl aliquots were sampled out and
analyzed for fluorescence before being replaced with fresh medium. At the end of three
weeks of release time, the remaining powders were dissolved in 20 mM HCl. The resulting
fluorescence was measured and used to calculate the overall amount of the drug initially
contained by the powders. The drug released at each time point was then normalized to the
overall amount of drug released. Each sample was analyzed in triplicates and the
fluorescence of each experimental replica was determined as the average of three
independent measurements.

Bacterial culture
A single colony of Staphylococcus aureus (ATCC 25923) cultured on a blood agar plate
over 48 hours was stabbed with a pipette tip, which was then placed in 5 ml of 37 mg/ml
brain heart infusion (BHI) broth and kept on an incubator shaker (Innova 44) overnight at 37
°C and 225 rpm. The turbid broth was collected the following day and 8 nl of it was added
to serially diluted samples containing different concentrations of different CL-loaded
powders in 1 ml of 37 mg/ml BHI broth, for the purpose of determining the minimal
inhibitory concentration (MIC) of the antibiotic-containing powders under the given
analytical conditions. The given bacterial concentration (1:125, 000 of 5 ml 37 mg/ml BHI
broth inoculated overnight with a single bacterial colony) was found to be equal to the
standard concentration of 105 bacteria per ml after comparing the optical density at λ = 600
nm of a range of serially diluted bacterial broths with 0.5 M McFarland solution (equivalent
to approximately 108 bacteria per ml) prepared by mixing 1 % BaCl2 solution and 1 %
H2SO4 in the volume ratio of 1:200, respectively. The dilution yielding the same absorbance
as that of 0.5 M McFarland solution was diluted 103 times to yield the standard bacterial
concentration of 105 bacteria per ml. The series of samples was incubated overnight on the
incubator shaker and visually analyzed the following day for their turbidity and the optical
density at λ = 600 nm. Turbid broths indicated those in which the concentration of the
antibiotic released from the CAP particles was insufficient to prevent the bacterial growth,
as opposed to the transparent broths. A parallel antibacterial test using a modified Kirby-
Bauer method was repeated on sheep blood agar plates (UCSF Cell Culture Facility). A
freshly inoculated bacterial broth was diluted to the concentration of 108 colony forming
units per ml and 200 µl of it were added to the plate and spread until the surface was fully
covered. One milligram of the CL-loaded particles was then added onto the plate in form of
separate islets. The plates were incubated overnight at 37 °C and observed for inhibition of
the bacterial growth around the particles the following day. All the experiments were carried
out in quadruplicates and compared with the negative controls, incubated without any added
bacteria and the positive controls, incubated with bacteria and no antibiotic-loaded particles.

Cell culture
Mouse calvarial preosteoblastic cell line, MC3T3-E1 subclone 4, was purchased from
American Tissue Culture Collection (ATCC, Rockville, MD) and cultured in Alpha
Minimum Essential Medium (α-MEM; Gibco) supplemented with 10% fetal bovine serum
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(FBS, Invitrogen) and no ascorbic acid (AA). The medium was replaced every 48 h, and the
cultures were incubated at 37 °C in a humidified atmosphere containing 5% CO2. Every 7
days, the cells were detached from the surface of the 75 cm2 cell culture flask (Greiner Bio-
One) using 0.25 wt% trypsin, washed, centrifuged (1000 rpm × 3 min), resuspended in 10
ml α-MEM and subcultured in 1:7 volume ratio. Cell passages 17 – 21 were used for the
experiments reported hereby. The cultures were regularly examined under an optical
microscope to monitor growth and possible contamination.

For the purpose of staining with fluorescent markers, MC3T3-E1 cells were seeded on glass
cover slips placed in 24 well plates and 500 µl of α-MEM supplemented with 10% fetal
bovine serum (FBS, Invitrogen) and no AA at the density of 6 × 104 cells per well. After 5
days of incubation, nearly confluent cells were treated with α-MEM containing 50 µg/ml
AA as the mineralization inductor. At the same time, 2 – 4 mg/cm2 of particles were added
to the cells. After 5 days of incubation in the presence of the drug-containing particles, cells
were stained for f-actin and nucleus. The staining procedure began with washing the cells
with phosphate buffer saline (PBS; pH 7.4) and fixing them for 15 min in 3.7 %
paraformaldehyde. The cells were then washed with PBS 3 × 5 min and then with the
blocking solution (PBT = 1 % Bovine Serum Albumin (BSA), 0.1 % Triton X-100 in PBS)
2 × 5 min. The cells were then blocked and permeabilized in PBT for 1 h, and then
incubated in 20 µg/ml 4', 6-diamidino-2-phenylindole dihydrochloride nuclear counterstain
(DAPI, Invitrogen), 2 µM calcein AM as CAP-particlestaining compound, and 10 µg/ml
phalloidin-tetramethylrhodamine (AlexaFluor 555, Invitrogen), all in PBT for one hour and
then washed with PBS 3 × 5 min. The cover slips containing the fixed and stained cells were
mounted onto glass slides using hard set vectashield and nail polish and were subsequently
imaged on a confocal laser scanning microscope – C1si (UCSF Nikon Imaging Center) at 20
– 100 × magnification in oil. The final images were obtained by z-stack volume-rendering
15 – 20 raw images spaced by 1 µm. All the experiments were done in triplicates.

For the purpose of MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide)
in vitro toxicological assay, MC3T3-E1 cells were seeded in 48 well plates at the density of
3 · 104 cells per well and cultured in the abovementioned AA-free medium until confluency
was reached. The AA-free medium was then substituted with the AA-supplemented medium
and, at the same time, 4 mg/cm2 of particles were added to the cells. At the end of the
incubation period, which lasted for 24 and 96 h, 20 µl of 5 mg/ml MTT (Sigma M-5655) in
PBS were added to each well. After a 3 h incubation at 37 °C, 220 µl of MTT solubilization
solution (Sigma M-5655) were added to each well. Following an additional 30 min
incubation, 100 µl aliquots from each well were analyzed for absorbance at 570 nm on a
UV/Vis spectrophotometric microplate reader (Molecular Devices: Spectra Max 190). All
the particle types were analyzed in triplicates and the resulting absorbance values were
normalized to the negative control.

For the purpose of real-time polymerase chain reaction (qPCR) analysis, MC3T3-E1 cells
were seeded in 96 well plates at the density of 3 · 104 cells per well and cultured in the
abovementioned AA-free medium until confluency was reached. The AA-free medium was
then substituted with the AA-supplemented medium and, at the same time, 1 mg of particles
was added to each well. At the end of the incubation period, which lasted for 5 days, cell
lysis, reverse transcription (Bio-Rad) and qPCR (Applied Biosystems, StepONEPlus) were
performed using the Fast SYBR Green Cells-to-CT kit (Ambion) in accordance with the
manufacturer’s instructions. Each experiment was done in triplicates and each experimental
replica was analyzed for mRNA expression in triplicates too (n = 3 × 3). The expressions of
one housekeeping gene, β-actin (ACTB), and three osteogenic markers, osteocalcin
(BGLAP), osteopontin (BSP-1) and Runx2 were analyzed. The following primer pair
sequences were used18–20: ACTB forward 5’-GGCCCAGAGCAAGAGAGGTATCC-3’,
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reverse 5’-ACGCACGATTTCCCTCTCAGC-3’; BSP-1 forward 5’-
AGGAGGAGGCAGAGCACA-3’, reverse 5’-CTGGTATGGCACAGGTGATG-3’;
BGLAP forward 5’-CTCACAGATGCCAAGCCCA-3’, reverse 5’-
CCAAGGTAGCGCCGGAGTCT-3’; Runx2 forward 5’-
AAATGCCTCCGCTGTTATGAA-3’, reverse 5’-GCTCCGGCCCACAAATCT-3’. The
real-time PCR results were analyzed using the ΔΔCt method21 and all the data were
normalized to ACTB expression levels. The statistical analyses were performed using an
unpaired t-test (GraphPad, La Jolla, CA).

Results and discussion
The optimal interaction between cells and particles utilized for drug delivery or diagnostic
monitoring purposes critically depends not only on their chemical composition, but on
numerous other parameters: size, shape, stiffness, surface roughness and charge, crystallinity
and porosity.22 In this work, we assessed four different types of submicron CAP particles for
their (a) drug loading and release properties, (b) antibacterial performance, and (c)
osteogenic propensities. Particle morphologies of different CAP powders synthesized,
ranging from planar, flaky (sample A) to brick-shaped (sample B) to elongated, plank- or
rod-shaped (sample C) to spherical (sample D), are displayed in Fig.1. As shown in Table 1,
all the particles had at least one of their dimensions in the submicron range, while the
smallest and the most uniform ones were those comprising sample D: ~ 10 nm in diameter.
The application of the ultrasound in the course of precipitation contributed to a multifold
decrease in the particle size: e.g., from ~ 100 nm to ~ 10 nm for sample D. The
ultrastructural, HR-TEM analysis of sample D confirmed the round shape of the particles,
but also made their irregularly hexagonal morphological forms evident (Fig.2a). The law of
rational indices correspondingly suggested the hexagonal unit cell, which would correspond
to P63/m space group of hydroxyapatite, the only hexagonal CAP phase. This was
confirmed by indexing the crystal lattice parameters based on the interatomic distances (Fig.
2b); as expected, the most prominent plane was (002), perpendicular to the c-axis of
hexagonal crystals, with the characteristic spacing of 0.17 nm.

To prepare particle morphologies different from the spherical, precipitation at low
supersaturations was initiated by the degradation of urea. Former studies have shown that
low Ca/P ratios at low supersaturations favor the uniaxial growth of CAP crystals and the
formation of particles with high aspect ratios.23 Crystallization of more than one CAP phase
has been shown24 to be more sensitive to the activity of HxPO4

x-3 species than to that of
Ca2+. This effect is explained by the weaker hydration attraction of solvated HxPO4

x-3

groups to the adjacent H3O+ ions than of solvated Ca2+ ions to the neighboring OH− groups.
This leads to a higher activation barrier for Ca2+ in the solution than for HxPO4

x-3, as also in
agreement with the more pronounced solubility effect of anions of the Hofmeister series.25

Consequently, anions have been generally shown to have a more major effect on the
morphology of precipitated nanoparticles than cations.26 However, for as long as
precipitation is performed abruptly, by rapid transcension of the saturation level, as dictated
by the conditions used for the formation of the powder D, no variations from the spherical
particle morphology are noticed, regardless of the Ca/P ratio of the precursors. For this
reason, conditions for the preparation of elongated particles involved gradually reaching and
surpassing the saturation level. This effect utilized in the synthesis of planar and elongated
rectangular particles (samples A–C) has been derived from the fact that lower
supersaturations tend to promote surface growth, as opposed to high homogeneous
nucleation rates corresponding to high supersaturations and typically leading to the
formation of ultrafine spherical particles, such as those comprising the sample D.
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The results of the phase composition analysis of the synthesized particles using Raman
spectroscopy are shown in Fig.3. Considering the submicron particle dimensions (Table 1)
and the laser beam penetration depth of ~ 10 µm under the given measurement settings, the
obtained spectra can be said to be representative of the bulk particle contents. The main
Raman band for sample D was detected at 961 cm−1 and is derived from ν1(PO4) - the
symmetric, non-degenerated stretching mode of the tetrahedral phosphate ion. It is indicative
of partially type-B (PO4 → CO3) carbonated hydroxyapatite.27 The second most intensive
band for the given sample was found at 1048 cm−1 and originated from NH4NO3 as a
byproduct of the reaction between Ca and PO4 precursors. The doublet at 428 cm−1 and the
triplet at 592 cm−1 are derived from ν2 and ν4 stretching modes of the tetrahedral PO4 ion.
The spectrum of the sample B displayed high levels of semblance with the sample D, except
that it additionally exhibited ν3(PO4) band at ~ 1014 cm−1, positioned between ν1(PO4) and
the main doublet of ν3(PO4) bands with peaks at 1045 and 1075 cm−1, respectively,
indicating the presence of °Ctacalcium phosphate in the system. In contrast, samples A and
C were predominantly composed of monetite28, as evidenced by the presence of ν1(PO4)
band at 968 cm−1 with the shoulder at 946 cm−1 characteristic for the given CAP phase. The
absence of the shoulder at 1005 cm−1 indicates no crystalline water in the compound and,
thus, no presence of brushite (CaHPO4·2H2O) as another common dicalcium phosphate
phase. The stretching P-O bands of medium intensity, including ν3 triplet at 1126, 1086 and
895 cm−1, ν4 triplet with the maxima at 583, 569 and 553 cm−1, and ν2 doublet at 413 and
390 cm−1 are furthermore indicative of the presence of monetite in samples A and C. As
shown in Fig.3b, the bands characteristic of an organic phase were additionally detected in
samples loaded with CL, including the alkyl and aromatic C-H stretch in the 2900 – 3030
cm−1 range, alkyl C-H bending at 1440 cm−1 and aromatic C-H bending at 710 cm−1.

The temporal drug release profiles for the four morphologically different CAP powders,
shown in Fig.4, exhibited high levels of mutual semblance. Only when the solution was
replaced daily was the release from powder A consistently faster than that from other
powders (Fig.4b). In contrast, the release curves corresponding to three other morphologies
(B, C, D) were virtually indistinguishable. Despite the fact that samples B–D were of
different phase compositions and correspondingly had different solubility products, ranging
from pKsp 7 to 97 to 117 for samples C, B and D, respectively, no significant difference was
observed in their release curves, suggesting that the release kinetics was not conditioned by
the particle solubility. In contrast with CAP particles synthesized in our former study5, when
the release kinetics was contingent upon the particle solubility, this effect was absent hereby,
presumably due to greater dispersability of the particles resulting from the application of the
ultrasound during their precipitation. As expected due to the dispersed nature of the powder
and the drug loaded by physisorption only, all samples exhibited burst release in the first 24
h, followed by a more sustained, zero-order release period throughout the following three
weeks (Fig.4a). While the controlled delivery of many other therapeutic compounds does
not benefit from an intense initial release, this is not so for antibiotics where a moderate
burst release is needed to ensure that the MIC is exceeded in a relatively short period of time
and that the bacterial population is prevented from becoming resistant to the given therapy.
No significant difference was detected for the drug release profiles depending on whether
the release solutions were kept on a shaker plate or in stagnant conditions. Still, a difference
in the released amount was observed conditional on whether the release was conducted by
changing only a portion of the solution throughout the release time (Fig.4a) or its complete
daily replacements (Fig.4b). In the latter case, the most intensive drug release was exhibited
by the leafy particles (A). Planar surfaces were previously shown to be more effective in
adsorbing organic molecules than any other surface geometry29, and this insight could be
applied to the reverse process: desorption. The fact that the release is completed in only a
week in more dynamic conditions involving frequent solution replacements suggests that the
release is a diffusion-controlled process. Another important insight derivable from the
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comparison of these two release profiles is that the conditions under which the release
process is carried out largely predetermine the overall release trend, making occasionally a
difference between a more sustained, but first-order kinetics (Fig.4a) and a comparatively
shorter, but thoroughly zero-order release (Fig.4b). Using urea as a precipitating agent and/
or ultrasound-assisted conditions of precipitation resulted in excellent dispersibility of the
particles, even after prolonged drying, and proved to be a decisive factor in eliminating the
previously annotated effect of the phase composition difference on drug release profiles.5

As could be seen from Figs.5–7, a great variation in the antibacterial performance between
the four morphologically different antibiotic-loaded CAP samples is seen in the particle
concentration range of 0.5 – 4 mg/ml. The MIC values for different samples are given in
Table 2. A direct correlation is found to exist between the specific surface area of the
antibiotic-loaded powders, their drug loading capacity (Table 1) and their antibacterial
efficacy. Namely, the specific surface area of sample D is more than tenfold larger than that
of sample C and more than twentyfold larger than those of samples A and B. Logically, the
drug loading capacity and, henceforth, release follow the same trend: D > C > B > A. The
greatest surface area of sample D, composed of 10-nm-sized hydroxyapatite nanospheres,
predisposes it to be most effective in capturing the drug by physisorption and, consequently,
most effective in inhibiting the bacterial growth. The same trend of increase in the antibiotic
efficacy from the sample A to the sample D is observed both against bacteria in suspension
(Figs.5 and 7a) and on contaminated surfaces (Figs.6 and 7b). Incidentally, as shown in Fig.
7b, the function of the diameter of the inhibition zone on agar plates vs. the sample type
yields a linear curve, with the antibacterial efficacy of pure CL (33 mm) being only slightly
larger than that of the most effective CL-loaded sample (D; 24 mm).

The results of the MTT assays performed at two different time points (24 and 96 h) are
given in Fig.8. Interestingly, the mitochondrial activity of the osteoblastic cells, directly
indicative of cell viability, increased after incubation with all the particle types, though
statistically significantly (p < 0.05) only for samples A and D after 24 h of incubation. After
96 h of incubation, however, the viability was significantly elevated for all four samples.
The most pronounced elevation at both time points was observed for the sample D,
suggesting a particular affinity of the cells to the nanoscale size and topography of this
material. Such an increase can be explained by fostered cell proliferation when the surface
of nanostructured hydroxyapatite, the one that the osteoblastic cells naturally thrive on and
with greatest ease convert to new bone in vivo30, is provided to them. The results of the
gene expression analysis of the effects of various CAP particles on osteoblastic MC3T3-E1
cells are displayed in Fig.9. The same trend evidenced with respect to the mitochondrial
activity was observed for the transcription levels of three different osteogenic markers
analyzed by qPCR: namely, the greatest level of upregulation was noticed among the cell
population incubated in the presence of the sample D, though statistically significant with
respect to the negative control only for Runx2 and BSP-1. mRNA levels of Runx2, a key
transcription factor for osteoblast differentiation31, were elevated for all the samples. In
contrast, the levels of osteocalcin (BGLAP) and particularly osteopontin (BSP-1) were
elevated only for the sample D and downregulated for all the other particle morphologies (A,
B, C). BGLAP is a gene encoding for a protein directly involved in mineralization of the
extracellular matrix and a key marker for bone formation32, while an opposite role, that of a
mineralization inhibitor33, has been established for BSP-1.

In our former study of the effect of the phase composition of CAP on the gene expression in
osteoblastic cells6, we compared identical particle sizes (~ 100 nm) and came to conclusion
that the highest upregulation of osteogenic markers was induced in the presence of not
hydroxyapatite, but monetite, presumably due to: (a) its comparatively high solubility and
the consequent release of phosphate ions, potent mineralization inductors in MC3T3-E1 cell
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line, and (b) the mild acidification of the medium followed by the release of one proton per
stoichiometric formula of the compound - this may signal an effect analogous to osteoclastic
degradation of bone and trigger increased bone formation activity of the cells. Therefore, we
cannot discard the possibility that the smallest particle size of the sample D, for which the
greatest upregulation of osteogenic markers was observed, proved to be a more decisive
factor in terms of its favorable bone growth effect in vitro than its spherical morphology.

To assess the correlation between different CAP particle types and the cell morphology,
optical confocal imaging was performed on MC3T3-E1 osteoblastic cells incubated with the
different CAP powders, the results of which are shown in Figs.10–11. The healthy striation
of the cytoskeleton of cells incubated with the powder D demonstrated the greatest level of
semblance with respect to the control. In contrast, f-actin patterns of cells incubated with
samples A–C displayed a phenotype characteristic of more stressed cytoskeleton, as
evidenced by mildly disrupted striation and formation of intracellular flocci (Fig.10). Still,
no directly observable damaging effects of any of the materials on cells was observed during
this phenotypic assessment. Single-plane imaging of the interface between the cells and the
microscopic particle conglomerates (Fig.11a) demonstrated good spreading of osteoblastic
cells on their surface – the effect which is a direct morphological indicator of
osteoconductivity of the given surface34 - and that particularly in case of the sample D (Fig.
11a–b). Blue-stained cell nucleus was correspondingly observed elongated in the direction
of the particle surface, while red-stained f-actin cytoskeleton fully enwrapped it, suggesting
an intimate contact between the biological and the inorganic phase.

Summary
Finding new ways to treat bone infection is of great interest for the medical community,
including its orthopedic and dental branches. Deficiencies of the traditional ways to treat
osteomyelitis include: (a) long-term therapies with systemically delivered antibiotics; and
(b) skeletal disfigurements, biomechanical weakening and proneness to reoccurrence of the
infection following surgical debridement. Alternative methods that would minimize these
side effects by ensuring local and sustained delivery of the antibiotics together with the
usage of osteogenic drug delivery carriers to regenerate the diseased bone are consequently
sought. In this study we analyzed the effects of morphological variation in submicron-sized
calcium phosphate particles, potentially applicable as a particulate carrier for delivery of
antibiotics in the treatment of osteomyelitis, on (a) drug release profiles, (b) the bacterial
growth inhibition, and (c) cell viability and osteogenic propensities in vitro. We have come
to conclusion that (a) the largest drug loading and release capacity; (b) the most effective
bacterial inhibition, (c) the highest cell viability, (d) the largest gene expression upregulation
of three different osteogenic markers, BGLAP, Runx2 and BSP-1, as well as (e) the least
disrupted cell cytoskeleton and cell morphologies were noticed for the calcium phosphate
powder composed of smallest, spherical nanosized particles. The largest surface area among
all the particle morphologies analyzed, vital in ensuring efficient capture of the antibiotic by
adsorption, and the ridged topography of its agglomerates that provide anchoring points for
the cells may present the crucial factors in explaining the greatest antibacterial and
osteogenic potency of the given powder.

Prior to the onset of this study, plate-shaped calcium phosphate particles, already present in
bone as such, although with smaller dimensions than those tested in this study, were thought
to be possibly more osteoconductive than the spherical. In contrast, there were also reasons
to expect that elongated calcium phosphate particles with high aspect ratio - associated with
the components of atherosclerotic plaque and other products of pathological crystallization
throughout the body35–37 and potentially exhibiting asbestos-like toxic effects38, 39 - might
be less viable for the cells, especially in view of a comparatively large abovementioned body
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of research that has suggested their Occasional negative effects on biological entities. Our
results, however, show that spherical nanoparticles with circa 10 nm in diameter lead to
more viable cell responses compared to any of the orthogonal particle shapes. At the same
time, no negative effects of particle flattening or elongation were observed, be it on cells or
on the ability to act as an effective antibiotic delivery agent. A more rigorous comparative
study of this type would be based on applying particles of identical sizes and surface areas,
something that future studies of ours or other research groups may accomplish.
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Fig. 1.
SEM images of the synthesized CAP particles of different morphologies: plate-shaped (A);
brick-shaped (B); plank-shaped (C); and spherical (D).
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Fig. 2.
TEM images of nanoparticles comprising sample D at different magnifications, along with
the indexed crystal lattice parameters corresponding to the hexagonal, P63/m space group of
hydroxyapatite.
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Fig. 3.
(a) Raman spectra of CAP powders composed of morphologically different particles (A–D),
along with the denoted bands characteristic for three different CAP phases detected –
monetite (CaHPO4), octacalcium phosphate (Ca8H2(PO4)6·5H2O), and hydroxyapatite
(Ca10(PO4)6(OH)2); (b) Raman spectra of CAP comprising sample D per se and CAP
comprising sample D loaded with CL. The encircled bands represent those derived from the
organic phase. See the text for the detailed assignment of the vibrational bands.
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Fig. 4.
The release of fluorescein from the surface of morphologically different CAP particles (A,
B, C, D) in 20 mM Tris/HCl (pH 7.4) under the conditions that involved changing only a
portion of the release solution throughout the release time (a) and daily replacements of the
given solution (b). The profiles were normalized to the overall amount of the drug released
in the given time by the particles.
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Fig. 5.
Visual appearance of turbid/infected and clear/disinfected BHI broths inoculated with S
aureus (105 bacteria per ml) and different amounts of different CL-loaded CAP samples,
following 24 h incubation, including the negative control (C−), incubated without any added
bacteria, and the positive control (C+), incubated with 105 bacteria per ml and no antibiotic-
loaded particles.
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Fig. 6.
Inhibition zones formed around 1 mg of CL-loaded CAP particles of different morphologies
(A, B, C, D) and the same amount of pure CL on sheep blood agar plates seeded with 7 · 103

S aureus bacteria per mm2 following an overnight incubation.
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Fig. 7.
(a) Optical transparence at λ = 600 nm of BHI broths inoculated with S aureus (105 bacteria
per ml) as a function of the concentration of the CL-loaded CAP powders, following 24 h
incubation (C− dashed line denotes the absorbance of the negative control, incubated
without any added bacteria, while C+ dashed line indicates the absorbance of the positive
control, incubated with 105 bacteria per ml and no antibiotic-loaded particles); (b) the
average diameters of the inhibition zone on sheep blood agar plates around 1 mg of the CL-
loaded powders A–D and pure CL.
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Fig. 8.
Mitochondrial activity indicative of cell viability after different treatment intervals (24 and
96 h), normalized to the negative control and determined by the MTT assay for
morphologically different CAP powders (A–D). Data normalized to the optical density at λ
= 570 nm of the negative control are shown as arithmetic means with error bars representing
standard deviation. Mitochondrial activities significantly (p < 0.05) higher with respect to
the control group are marked with *. No samples had mitochondrial activities significantly
(p < 0.05) lower with respect to the control group.
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Fig. 9.
The comparative effect of CAP powders with different particle morphologies on the mRNA
expression of three different osteogenic markers: BGLAP, Runx2 and BSP-1 in osteoblastic
MC3T3-E1 cells. mRNA expression was detected by quantitative RT-polymerase chain
reaction relative to the housekeeping gene ACTB. Data normalized to expression of ACTB
are shown as averages with error bars representing standard deviation. Genes significantly (p
< 0.05) upregulated with respect to the control group are marked with *. Genes significantly
(p < 0.05) downregulated with respect to the control group are marked with +. The transcript
levels of BSP-1 were multiplied 100-fold to fit the scale.
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Fig. 10.
Volume rendered confocal optical micrographs of fluorescently stained osteoblastic
MC3T3-E1 cells (f-actin - red; nucleus – blue) of the control sample and of those incubated
with samples A, B, C and D, following 5 days of growth in differentiation media. Arrows
indicate f-actin flocci of stressed cytoskeleton. The sizes of the images are 270 × 270 µm.
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Fig. 11.
Single-plane confocal optical micrographs of fluorescently stained osteoblastic MC3T3-E1
cells (f-actin -red; nucleus – blue) in contact with CAP particle conglomerates (green; SEM
image given as inlet in (a)) of sample D, following 5 days of growth in differentiation
media. The sizes of the images are 270 × 270 µm.
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Table 2

MIC values for different CL-loaded CAP powders against S aureus in BHI broths.

Sample MIC (mg/ml)

A > 4

B 2 – 4

C 0.5 – 1

D < 0.5
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