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For a targeted release against bacteria-associated bone diseases (osteomyelitis) ceramic beads with a high drug

loading capacity, loaded with vancomycin as model antibiotic, are synthesized as drug carrier and successfully

incorporated in an open porous hydroxyapatite matrix scaffold via freeze gelation to prevent bead migration

at the implantation site and to extend drug release. We demonstrate that the quantity of loaded drug by the hy-

droxyapatite and ³-tricalcium phosphate beads, produced by ionotropic gelation, as well as drug release can be

tuned and controlled by the selected calcium phosphate powder, sintering temperature, and high initial vanco-

mycin concentrations (100 mg/ml) used for loading. Bead pore volume up to 68 mm3/g, with sufûciently large

open pores (pore size of up to 650 nmwith open porosity of 72%) and high surface area (91 m2/g) account like-

wise for a maximum drug loading of 236 mg/g beads or 26 mg/sample. Multi-drug loading of the beads/matrix

composite can further increase the maximum loadable amount of vancomycin to 37 mg/sample and prolong re-

lease and antibacterial activity on Bacillus subtilis up to 5 days. The results conûrmed that our approach to incor-

porate ceramic beads as drug carrier for highly increased drug load in freeze-gelated matrix scaffolds is feasible

and may lead to a sustained drug release and antibacterial activity.
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1. Introduction

Bacteria-associated bone infections (osteomyelitis) are character-

ized by an acute or chronic inûammatory response and often lead to os-

seous necrosis, bone loss, vascular thrombosis, and joint destruction [1,

2]. Osteomyelitis can be caused by nosocomial infections or superinfec-

tions following musculoskeletal injuries, trauma, nosocomial infection,

or by orthopaedic operations, irradiation, or bisphosphonate-related

osteonecrosis of the jaw (BRONJ). The infection can also spread outward

from the bone and spread in nearby tissues. The treatment of bacteria-

associated bone infections is complex and still considered amajor prob-

lem in orthopaedics and cranio-maxillo-facial surgery. Bone infections

can likely lead to implant failure, mortality, and thus associated with a

high economic cost [336].

Traditional treatments often include surgical debridement, the re-

moval of the injured tissues, and systemic intravenous antibiotic thera-

py [1,2]. A systemic administration requires large doses of antibiotics for

long periods but remains often unsuccessful because many antibiotics

have short half-life and can poorly penetrate in the tissues [3]. The lim-

ited blood circulation in the infected area implies that only a fraction of

the administered antibiotic dose reaches the target site [4,5,7]. Addi-

tionally, prolonged or high dose systemic antibiotic administration pre-

sents serious side-effects such e.g. systemic toxicity [8,9]. An

inappropriate or delayed infection treatment can also induce an antibi-

otic resistance and bioûlm formation at the implantation site. This in

turn leads to a formation of a devascularized surface that protects bacte-

ria from antibiotics and makes their usage counterproductive [10313].
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An alternative strategy to systemic treatment involves the local-

ized delivery of antibiotics from carrier materials. Insertion of antibi-

otic containing carriers directly at the site of infection provides

higher local antibiotic concentrations than by parenteral administra-

tion, and may reduce the risk of systemic toxicity and side effects by

lowered systemic concentrations [14317]. Currently, the clinical

standard and most widely employed carrier material consist of

poly(methyl methacrylate) (PMMA) in the form of beads or self-setting

PMMA bone cements [18320]. Numerous studies have proven that an-

tibiotic-impregnated PMMA can be efûciently applied for the treatment

and prophylaxis of osseous infections [21,22]. However, PMMA is not

resorbable and must be removed in a second surgical procedure and

the risk of reinfection and increasing patient morbidity are very like-

ly [23,24]. Retention of antibiotic within PMMA is inevitable and only

a small percentage of drug is delivered during the functional period

of the PMMA implant [25]. Moreover, the monomers required for

PMMA polymerization can induce systemic toxicity and the exother-

mic polymerization reaction can deactivate heat-sensitive antibi-

otics [26,27].

Alternative carrier materials are biodegradable materials like

calcium sulfate and calcium phosphate which are used as resorba-

ble drug delivery systems [14,28331]. Both materials are resorba-

ble and thus their removal after implantation is not required [313

33], but they feature some drawbacks as e.g. very high resorption

rate, quick drug release, and low mechanical strength [26,31,34,

35].

In our previous work [36] we show that biodegradable, open po-

rous hydroxyapatite scaffolds can be used as antibiotic depot and re-

lease system. Such scaffolds are fabricated using a freeze gelation-

based process and antibiotics can be incorporated in the scaffolds

in a one-step process without denaturation. However, in these scaf-

folds only a limited amount of antibiotics can be incorporated as

high antibiotic concentrations increase suspension viscosity and

scaffold fabrication is hampered.

In this study we present an alternative, versatile route that per-

mits the fabrication of customizable, resorbable open porous calcium

phosphate scaffolds with a high drug loading capacity as well as

well-controlled, prolonged release. For a targeted release with high

drug loading capacity hydroxyapatite and ³-tricalcium phosphate

beads obtained by ionotropic gelation were loaded with vancomycin

and incorporated in an open porous hydroxyapatite matrix scaffold

fabricated via freeze gelation. Hydroxyapatite and ³-tricalcium

phosphate were used due to similar composition to bone and due

to their slower resorption and release properties than calcium sul-

fates [14,15,37].

Vancomycin, a relatively large glycopeptide (MW 1450 Da) and one

of the most commonly used drugs for the treatment of infections in-

duced by gram-positive bacteria such as staphylococci and streptococci

[38343]was used asmodel antibiotic. Vancomycin loading capacity and

release were evaluated spectrometrically at 280 nm. The antibacterial

activity of the eluents was tested on gram-positive bacterium Bacillus

subtilis.

Bead loaded scaffolds are envisaged as open porous bone substitute

which can be directly inserted in bone cavities or defects. We

hypothesised that by embedding antibiotic loaded beads in a porous ce-

ramic matrix antibiotic migration through tissue is prevented and a

higher drug concentration at the implantation site can be achieved.

The inûuence of bead incorporation in the scaffold on antibiotic release

was assessed likewise spectrometrically.

So far, usually calcium phosphate or calcium sulfate drug carrier can

be loaded with drugs either directly during sample preparation, where

the drug is mixed with the ceramic [26,28,29,33,35], or the sample is

impregnated with the drug afterwards [30,31]. To further enhance the

drug loading capacity and to extend drug release even over long time

periods, both methods were combined in this study to design multi-

loaded beads/matrix composites.

2. Materials and methods

2.1. Materials

Hydroxyapatite (HAP, lot. A3420, speciûc surface area of 65 m2/g)

powder, ³-tricalcium phosphate (TCP, lot. BCBB7609, speciûc surface

area of 1.1 m2/g) powder, anhydrous citric acid (lot. BCBB7128), con-

centrated ammonium hydroxide solution (lot. SZBA1400, ≥25%),

tris(hydroxymethyl)aminomethane (Tris, lot. MKBD9221V), and agar

(lot. 050M0202V, ash 2.034.5%) were purchased from Sigma Aldrich

(Germany). Calcium chloride dihydrate (lot. BCBK7809V) and hydro-

chloric acid solution (lot. SZBB2900V, 1 M) were obtained from Fluka

(Germany) and tri-sodium citrate dihydrate (lot. 3Z003926) and

Mueller-Hinton broth (lot. 2W000933) from AppliChem (Germany).

Sodium alginate (lot. 9O008361, viscosity of 3503550 mPas (1%; 20 °

C), pH of 5.538.0 (1%; H2O), BioChemica, Germany), ammonia stabilised

silica sol with a SiO2 content of 30% (lot. 0590b, particle size of 538 nm,

surface area of 2303360 m2/g, BINDZIL® 30NH3/220, Eka Chemicals,

Germany), vancomycin (lot. 172186178, ≥900 I.U./mg, Carl Roth, Ger-

many), ethanol abs. (lot. 15B130503, ≥99.8%,VWR, France) and the

gram-positive bacterium Bacillus subtilis (B. subtilis, DMS cat. no. 1088,

Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH,

DSZM, Germany) were purchased from different suppliers as indicated.

Double deionised water (ddH2O) with a conductivity of 0.05 ¿S/cm ob-

tained from an ultra-pure water system (Synergy System, Millipore,

Germany) was used for all studies. All chemicals were utilised as re-

ceived without further puriûcation.

2.2. Bead preparation

HAP or TCP beads were prepared via droplet extrusion coupled with

ionotropic gelation in the presence of calcium ions as described by Klein

et al. [44]. Brieûy, a ceramic/alginate suspension was prepared by

adding the HAP or TCP (15.4 wt.%) stepwise to a water-based suspen-

sion containing 0.7 wt.% sodium alginate, 0.2 wt.% sodium citrate and

30.3 wt.% silica sol (Fig. 1A). The suspension was evenly stirred

(Dispermat LC-2, VMA-Getzmann, Germany; rotating speed: 1000 r/

min) and homogenized for 15 min with an ultrasound horn (Soniûer

450, Branson, Germany; power: 150W, pulse rate: 0.5 s) to remove pos-

sible agglomerates. Subsequently, the ceramic/alginate suspension was

dropped with a syringe (5 ml Injekt® Luer Solo; needle diameter:

0.55 mm) in a cross-linking solution consisting of ddH2O, ethanol

(ddH2O/ethanol ratio: 80/20 v/v) and 0.1 mol/l calcium chloride.

Beads were left in the cross-linking solution for 18 h. Afterwards they

were washed three times with ddH2O to remove calcium ions in excess.

The beads were shortly frozen for 15 min at−150 °C (Ultra-Low Tem-

perature Freezer MDF-1155, Sanyo Electric Biomedical, Japan) and sub-

sequently freeze dried at −20 °C (P8K-E-80-4 −80 °C, Piatkowski,

Germany). Part of the beads was rapidly sintered in a tube furnace

(VTF1, Vecstar, United Kingdom) for 5 min at two different tempera-

tures, namely 800 °C and 1200 °C. Beads sintered at 800 °C or at

1200 °C are labelled with the sufûx: −800 (−1200), respectively

(Table 1). Part of the beads was not sintered (sufûx: -ns).

2.3. Drug loading

Concentrated vancomycin solutions with three different initial con-

centrations (1mg/ml, 10mg/ml and 100mg/ml)were used to load−ns

or−800 beads. Due to their small surface size, beads sintered at 1200 °C

were not further considered. 1ml vancomycin solutionwasmixedwith

0.11 g beads and incubated at 37 °C under continuous shaking at 100 r/

min (Unimax 1010with Inkubator 1000, Heidolph Instruments, Germa-

ny) to guarantee a homogenous drug load. After 15 min the superna-

tants were removed. Preliminary kinetic drug loading measurements

indicated that the largest vancomycin percentage was loaded in the

ûrst 5 to 10 min (see supporting data: Fig. B.1 in the online version at



http://dx.doi.org/10.1016/j.msec.2016.05.042.). The quantity of loaded

antibiotics was calculated via depletion method. Vancomycin concen-

trationswere spectrometrically measured at 280 nmusing amicroplate

spectrophotometer (Multiskan GO, Thermo Scientiûc, Finland). Prior to

these measurements, the supernatants were centrifuged for 15 min at

14,500 r/min (Heraeus Fresco 21, Thermo Scientiûc, Germany) to sepa-

rate and remove any particulates possibly disturbing themeasurement.

Measurements were done in triplicates and all samples were used in

quadruplicates.

2.4. Composite preparation

Beads/matrix composites were obtained by incorporating vancomy-

cin loadedHAP or TCP beads (−ns and−800, respectively) in open-po-

rous HAP scaffolds (matrix) obtained by freeze gelation and described

in our previous studies [36,45]. In short, the matrix was obtained

using a water-based HAP suspension (59.34 wt.%) with 1.98 wt.% silica

sol as gelling agent and 1.93wt.% citric acid as dispersant agentwas con-

tinuously stirred at 1500 r/min (Fig. 1B). Ammonia solution was added

to adjust the pH to 8.

Vancomycin loaded beads were ûrst homogenously mixed with the

HAP suspension (beads/suspension ratio: ~1/11.5 w/w) and then

poured in cylindrical polyvinyl chloride (PVC) moulds of 10 mm diam-

eter and 5mmheight. After ûlling, themouldswere frozen for 20min at

−150 °C. The demoulded samples were dried at room temperature and

a relative humidity (r.h.) of ~97% for 7 days in a desiccator and ûnally

dried another day at 25 °C and 30% r.h.

2.5. Bead and composite characterization

Bead density was measured by helium-pycnometrie (Pycomatic

ATC, Thermo Scientiûc, Italy). Speciûc surface area (SBET) as well as

bead pore volume were determined by nitrogen adsorption (Belsorp-

Mini, Bel, Japan) using the Brunauer-Emmett-Teller (BET) method

[46]. Bead open porosity and pore sizes were measured via mercury-in-

trusion porosimetry (Pascal 140/440, Porotec, Germany). Contact angle

and surface tension ofmercurywere assumed to be 141.3° and 480mN/

m, respectively. Beads and scaffolds were imaged via scanning electron

microscopy (SEM, acceleration voltage 20 kV, CamScan, UK). X-ray

micro-computed tomography (¿-CT) of a matrix scaffold with beads

wasperformed using a nano focus tube (XS160NFOF, GE Sensing and In-

spection Technologies, Germany) with a tungsten target, an accelera-

tion voltage of 90 kV and a cathode current of 170 ¿A. The attenuated

X-rayswere captured using a detector (Shad-o-Box 4K EV, Rad-icon Im-

aging Corporation, USA) with a resolution of 2048 × 2000 pixel, an ac-

cording pixel pitch of 48 ¿m and a digitization of 12 bit. Radiographs

were taken with an angular increment of 0.25° over a full rotation of

360°. The magniûcation due to the cone beam was 9. Reconstruction

wasbased on a FDK-algorithmand the resultingpixel pitch of the recon-

structed tomogram was ~11 ¿m.

Bead degradation behaviour was assessed bymeasuring the calcium

(Ca2+) ion release. 0.3 g beads were soaked in 1.5 ml Tris-HCl buffer

(pH 7.4) and the samples were continuously shaken at 100 r/min in

an incubator (Unimax 1010 with Inkubator 1000, Heidolph Instru-

ments, Germany) at a constant temperature of 37 °C. The solutions

were changed every 24 h up to 14 days and the Ca2+ content in the su-

pernatants was measured. Prior to measurement, the supernatants

were centrifuged for 15 min at 14,500 r/min (Heraeus Fresco 21, Ther-

mo Scientiûc, Germany) to separate and remove any particulates.

Fig. 1. A: Schematic overview of the manufacturing process of hydroxyapatite (HAP) or ³-tricalcium phosphate (TCP) beads by ionotropic gelation. B: Composite preparation by

incorporation of beads in an open-porous scaffold matrix by freeze gelation process.

Table 1

Sufûx nomenclature.

Sufûx label Explanation

-ns Beads were not sintered

-800 Beads were sintered at 800 °C

-1200 Beads were sintered at 1200 °C



Ca2+ concentration was measured photometrically at 578 nm (XION

500, Dr. Lange, Germany) using a calcium-o-cresolphthalein-based col-

orimetric assay (Fluitest CA CPC, Analyticon Biotechnologies, Germany).

Measurements were done in triplicates and all samples were used in

quadruplicates.

2.6. Drug release

Antibiotic release from 0.11 g vancomycin loaded beads was mea-

sured daily for 5 days under continuous shaking at 100 r/min and 37 °

C. 1.5 ml Tris-HCl buffer (0.1 mol/l) with an initial pH of 7.4 at 37 °C

was used and replaced every 24 h. As reference non-loaded beads

were used and treated in the same way. The amount of released vanco-

mycin was directly measured at 280 nm (»max) via UV/VIS spectrosco-

py. Vancomycin release from cylindrical HAP-matrix scaffolds

(diameter: 9.1 mm ± 0.1 mm; height: 4.8 mm ± 0.3 mm; weight:

0.4 g ± 0.1 g) containing 0.11 g loaded beads was determined as previ-

ously described. For each cylindrical HAP-matrix scaffold 2 ml Tris-HCl

buffer was used.

2.7. Antibacterial activity

The antibacterial activity of released vancomycin was determined

using a standard inhibition test method with agar plates [47]. Gram-

positive bacterium B. subtilis was precultured in Mueller-Hinton broth

at 37 °C overnight. Then 200 ¿l of bacteria solutionwith a concentration

of 2 × 108 cells/ml, which was determined in accordance to McFarland

standards [48], was spread uniformly with a Drigalski spatula on

Mueller-Hinton agar plates (1.7 wt.% agar). Cotton platelets (Ø =

9mm,Rotilabo®-testûakes, Carl Roth, Germany)were placed on the in-

oculated agar plates and loaded with 60 ¿l of the eluents of the release

test. Finally, the antibacterial effect was determined by measuring the

zones of inhibition (ZOIs) formed around the cotton platelets.

2.8. Multi-loaded composites

To obtained multi-loaded composites three different loading

methods were used as shortly summarised in the following table

(Table 2).

By using these three drug loading methods four different sample

types were produced (schematically shown in Fig. 9A) and compared:

1) Sample I: Unloaded HAP matrix scaffolds with vancomycin loaded

beads

2) Sample II: Vancomycin loaded HAP matrix scaffolds with vancomy-

cin loaded beads

3) Sample III: Unloaded HAP matrix scaffolds with vancomycin loaded

beads soaked in vancomycin solution

4) Sample IV: Vancomycin loadedHAPmatrix scaffolds containing van-

comycin loaded beads soaked in vancomycin solution

Total incorporated vancomycin amount for eachmethod and sample

type was measured and calculated as described in Section 2.3. Vanco-

mycin release and antibacterial activity assessment were carried out

as described in Sections 2.6 and 2.7. For release experiments 200 ¿l of

supernatants was removed after 1, 2, 4, 8, 12, 24, 32, 48, 54, 72, 96

and 120 h and used for drug quantiûcation and antibacterial tests. Re-

moved supernatants were replaced with 200 ¿l fresh Tris-HCl.

3. Results

3.1. Bead characterization

Bead properties before and after sintering are summarised in Table

3. In general bead properties depend on the ceramic powder used and

on the sintering temperature applied.

Non-sinteredHAP beads featured a density of 2.29±0.0004g/cm3, a

diameter of 1.05 ± 0.13 mm, a speciûc surface area (SBET) of 90.5 ±

1.2 m2/g, an open porosity of 63.4%, a pore volume of 68.4 ±

0.3 mm3/g, and a bimodal pore size distribution (see supporting data:

Fig. A.1 in the online version at http://dx.doi.org/10.1016/j.msec.2016.

05.042.) with average pore diameters of 35 nm and 476 nm, respective-

ly. After sintering of HAP beads at 800 °C, density increased 18% and

shrank 10%. SBET was reduced by 42 m2/g and pore volume was de-

creased to 31.6 ± 6.1 mm3/g. Open porosity increased by sintering of

800 °C about 14%. HAP-800 beads featured also a bimodal pore size dis-

tribution with increased pore diameters to average 59 nm and 476 nm.

After sintering up to 1200 °C, density increased 19% and shrank 38%,

compared to non-sintered HAP beads. SBET was reduced considerably

by 89 m2/g to 1.2 ± 0.3 m2/g, open porosity was reduced by 38% to

23%, and pore volume was decreased by 68 mm3/g to 0.8 ± 0.1 mm3/

g. HAP beads sintered at 1200 °C featured amonomodal pore size distri-

bution with an average pore diameter of 764 nm.

Non-sintered TCP beads showed a density of 2.54 ± 0.0009 g/cm3, a

diameter of 1.20± 0.18mm, a SBET of 55.8± 0.4m2/g, an open porosity

of 48.2%, a pore volume of 45.5 ± 6.3 mm3/g, and a bimodal pore size

distribution with average pore diameters of 19 nm and 121 nm, respec-

tively. After sintering of TCP beads at 800 °C, density slightly increased

about 4% and SBET slightly decreased 5 m2/g. Bead diameter shrank

16% to 1.20 ± 0.18 mm. Open porosity of TCP beads increased by

sintering 800 °C about 11%, and pore volume decreased 12 mm3/g.

Pore size distribution was bimodal with average pore diameters of

29 nmand 144 nm, respectively. By sintering 1200 °C, TCP beads shrank

about 32% and density increased slightly 6%, compared to non-sintered

beads. The reduction in SBET of TCP-1200 beads was 39 m2/g. Open po-

rosity decreased 32%. Pore volume decreased 34 mm3/g to 11.6 ±

3.5 mm3/g. Pore diameters with a bimodal pore size distribution in-

creased to around 37 nm and 150 nm, respectively.

Surface morphology and geometry differed between HAP and TCP

beads andwere particularly inûuenced by the sintering temperature ap-

plied (Fig. 2). The surface of non-sintered HAP beads was smooth, uni-

form, and they featured nearly spherical form. With increasing

sintering temperature HAP beads shrank and became ellipsoidal and

the surface was more roughed. In contrast, TCP beads were more struc-

tured and had an angular and wrinkled surface already in the non-

sintered stage. Cross sections showed that non-sintered beads had a

shell like structure. This is even more pronounced for non-sintered

TCP beads. All sintered beads had a more homogeneous inner structure

and fewer pores were visible compared to non-sintered beads for both

materials.

The degradation behaviour of the ceramic beads at pH7.4was deter-

mined bymeasuring the calcium ion (Ca2+) release as a function of time

over two weeks. All samples showed an increasing, time-dependent

Ca2+ release (Fig. 3). TCP-ns (12.04 ± 0.61 mmol/l), TCP-800 (13.4 ±

0.52 mmol/l) and HAP-800 (11.87± 0.39mmol/l) showed a higher cu-

mulative Ca2+ release after 14 days compared to TCP-1200 (4.85 ±

0.58 mmol/l), HAP-ns (4.45 ± 0.41 mmol/l), and HAP-1200 (2.26 ±

0.21 mmol/l). HAP-800 and TCP-1200 showed a linear release. All

other samples (HAP-ns, HAP-1200, TCP-ns, TCP-800) showed an initial

burst release followed by a reduced release. The samequantity of cumu-

lated released Ca2+ ions presented TCP-1200 and HAP-ns after 13 days,

and TCP-ns and HAP-800 after 14 days, respectively.

Table 2

Different vancomycin loading methods.

Method Procedure

Method

1

T-ns beads were loaded by soaking as described in Section 2.3

Method

2

Vancomycin (1 wt.%) was incorporated in the HAP matrix suspension

prior to unloaded bead addition and using the procedure described in

[36]

Method

3

Vancomycin unloaded beads/matrix composites were soaked in 0.5 ml

concentrated vancomycin solution (100 mg/ml) for 5 min



3.2. Bead drug loading

Preliminary measurements of kinetic drug loading indicated that

after 15 min the initial drug load has been completed, irrespective of

the bead material or the initial concentration of the antibiotic solution

(see supporting data: Fig. B.1 in the online version at http://dx.doi.org/

10.1016/j.msec.2016.05.042.). HAP and TCP beads showed a similar

vancomycin uptake behaviour and only a considerable difference was

observed at the highest vancomycin concentration applied (100 mg/

ml) (Fig. 4). At this concentration non-sintered HAP and TCP beads

were able to load ~55 mg/g more than sintered beads.

3.3. Bead drug release

Independent of the bead type or the initial vancomycin concentra-

tion used for loading, all samples showed maximum absolute drug re-

lease at day 1 (Fig. 5A and B). For Vancomycin solution with an initial

concentration of 10 mg/ml between 33.6 ± 0.50 mg/g (TCP-ns) and

45.6±1.02mg/g (TCP-800)was released at day 1 (Fig. 5A). The amount

of released vancomycin for HAP beads was in between. After day 3 al-

most no drugwas further released. For vancomycin solutionwith an ini-

tial concentration of 100 mg/ml the released drug quantity was

considerably higher and the period where released vancomycin was

still measurable was prolonged (Fig. 5B). At least at day 4 vancomycin

can still be measured in the supernatants. The highest release wasmea-

sured at day 1 between 89.7± 5.62mg/g (TCP-ns) and 97.6± 5.05mg/

g (HAP-800). Only non-sintered HAP beads had a higher vancomycin

release of 165.2 ± 11.56 mg/g.

For initial concentration of 10 mg/ml, an increased cumulative per-

centage vancomycin release within the ûrst two days was determined

(Fig. 5C). For a higher solution concentration of 100 mg/ml this period

could be prolongedup to day3 to 4 (Fig. 5D).Whereas at 800 °C sintered

TCP beads loaded with 10 mg/ml vancomycin reached a cumulative

drug release of ~100% after 5 days, and non-sintered TCP beads only re-

leased three-quarters of the loaded drug quantity. Also for 100 mg/ml

vancomycin solution the highest percentage of loaded drug was

Table 3

Properties of HAP and TCP beads non-sintered (−ns) and sintered at 800 °C (−800) and 1200 °C (−1200) for 5 min.

Bead type

Density

(g/cm3) 
Diameter

(mm)$ Speciûc surface area, SBET (m
2/g)!

Open porosity

(%)§,a
Pore volume

(mm3/g)!
Average pore diameter

(nm)§,a Pore size distribution§

HAP-ns 2.29 ± 0.0 1.05 ± 0.13 90.5 ± 1.2 63.4 68.4 ± 0.3 35/476 Bimodal

HAP-800 2.71 ± 0.0 0.95 ± 0.22 48.1 ± 0.2 72.4 31.6 ± 6.1 59/651 Bimodal

HAP-1200 2.72 ± 0.0 0.65 ± 0.09 1.2 ± 0.3 23.0 0.8 ± 0.1 764 Monomodal

TCP-ns 2.54 ± 0.0 1.20 ± 0.18 55.8 ± 0.4 48.2 45.5 ± 6.3 19/121 Bimodal

TCP-800 2.65 ± 0.0 1.01 ± 0.13 50.5 ± 2.5 53.6 33.8 ± 7.6 29/144 Bimodal

TCP-1200 2.69 ± 0.0 0.82 ± 0.14 17.0 ± 3.2 32.8 11.6 ± 3.5 37/150 Bimodal

Measured by: He-pycnometry , geometrical measurement$, N2-adsorption
!, Hg-intrusion§.

a Single measurement.

Fig. 2. Surfacemorphology and geometry of HAP and TCP beads non-sintered and sintered at 800 °C and 1200 °C. Representative SEM images of bead geometry (A), bead surface (B) and

cross section (C).



released by TCP beads sintered at 800 °C (93.7 ± 8.61%) and the lowest

for non-sintered TCP beads (64.3±2.17%). In both cases HAP beads had

a percentage drug release in between.

3.4. Composite drug release

Vancomycin loaded beads were successfully incorporated in open

porous, near-net-shaped HAP matrix scaffolds obtained by freeze gela-

tion. After bead incorporation, scaffolds featured a good initial stability

and could be easily handled without any deterioration.

For this study, only small cylinders were used (Fig. 6A, b and B), but

other and more complex geometries can be obtained as demonstrated

by the exemplary photograph showing a geometrical copy of a part of

the lower jaw from an adult domestic pig (Fig. 6A, a). For both samples

it is valid that from the outside, the embedded beads cannot be identi-

ûed. They are completely covered by the scaffold matrix. Cross section

of a ¿-CT image shows the matrix scaffold in a cylindrical sample used

in this study (Fig. 6B). The visible spherical cavities represent the hidden

beads. As trend, more cavities and therefore beads are visible in the

upper part of the composite. Micrograph illustrates open porous beads

(additionally highlighted by green colour) embedded in open porous

scaffold matrix (Fig. 6C). The beads are closely packed together but

not in contact. It appears that the outer shell of the beads is denser as

the porous interior, as could already be seen more clearly in Fig. 2.

Vancomycin release proûle was similar in beads/matrix composites

as compared to only beads (Fig. 7). Incorporated beads prior loaded

with 10 mg/ml vancomycin showed drug release up to day 3 with a

maximum release after day 1 (~50 mg/g). For beads loaded with

100 mg/ml, the release period was prolonged up to day 5. The maxi-

mum release after day 1 varied between 107.5 ± 2.63 mg/g (TCP-ns)

and 185.0 ± 7.21mg/g (HAP-ns). 79.4± 7.29% of the loaded vancomy-

cin was released after 5 days from composites with non-sintered HAP

beads loaded with 10 mg/ml. For sintered TCP beads the release was

100.9 ± 3.90%. For composites with incorporated beads loaded with

100 mg/ml the release varied between 71.5 ± 0.04% (TCP-ns) and

101.9 ± 1.03% (TCP-800).

3.5. Antibacterial activity

Inhibition zone test with the eluents of release test on gram-positive

B. subtilis indicated an antibacterial activity of the released vancomycin

(Fig. 8). A clear visible inhibition zone (ZOI) formed around the cotton

platelets. ZOIs were reduced at each new time point. For beads loaded

with 10 mg/ml vancomycin and incorporated or non-incorporated in

matrix scaffold, an antibacterial effect could be measured up to day 3.

For beads loaded with 100 mg/ml the antibacterial effect could be

prolonged compared to lower vancomycin concentration, besides for

TCP-800 beads. For incorporated HAP beads, antibacterial effects up to

day 5 were observable.

3.6. Multi-loaded composites

To prolong the antibacterial effect of released vancomycin and to in-

crease the loadable drug quantity different, multi-loaded beads/matrix

compositeswere applied (Fig. 9A). Itwas possible to increase the loaded

vancomycin quantity, as compared to composites with only loaded

beads (Sample I), by also loading the matrix while sample preparation

by directly adding vancomycin to the matrix suspension (Sample II)

(Fig. 9B). A comparable drug quantity could be achieved by post-im-

pregnation of the composites (Sample III). By combining all three

methods, amaximumdrug loading of ~37mg per sample could be real-

ized (Sample IV).

Looking at more measurement time points in the vancomycin re-

lease, especially in the beginning, then a more detailed view of the

drug release could be observed (Fig. 9C). In the ûrst hours of elution of

the composites, still a burst release was observed. No later than

2 days, merely smaller amounts of drug were released. In between, in

all samples a more or less pronounced stepwise release behaviour was

shown. Composites wherein only beads were loaded had a release of

49.5± 2.18% up to 12 h. Up to about 32 h, little vancomycinwas further

released. Then a stronger release of 17.2% during the next 16 h could be

observed. Subsequently, only little drug was delivered to the end of the

investigation period again. If the matrix was also loadedwith vancomy-

cin, 4.8% less was released in total compared to composites with only

loaded beads within the 5 days. Up to 8 h after the start of the elution

39.0 ± 2.45% (Sample II) was released. Between 8 h and 24 h, only a lit-

tle (~1.7%) was released before a further burst release of 20.7% occurred

between 24 and 32 h. Most of the loaded drug was released from com-

posites with loaded beads which were also inûltrated (84.4 ± 2.01%).

There was a burst release of 64.1 ± 2.40% within the ûrst 4 h. After

that, an average of around 0.3%/h was released. This release rate was

further decreased after around 54 h. In composites with loaded beads

as well as matrix, which were also inûltrated, after 5 days 77.1 ±

0.68% was released. Within the ûrst 4 h 45.5 ± 2.78% was released.

Again, in the next 50 h 29.1% was released. After that, there was only a

small release.

In contrast to the other composites, scaffolds with only loaded beads

showed no ZOI at day 5 (Fig. 9D). The highest antibacterial effect could

be achieved for scaffolds with loaded beads, loaded matrix, and post-

soaking.

Fig. 3. Degradation behaviour of non-sintered and sintered beads in Tris-HCl buffer at

pH 7.4 and 37 °C. The concentration of released Ca2+ up to 14 days was measured by a

colorimetric assay via UV/VIS spectroscopy. The buffer was exchanged daily.

Fig. 4. Loaded vancomycin amount (in mg per g beads) of non-sintered (ns) and at 800 °C

(800) sinteredHAP and TCP beads. Beadswere loadedwith vancomycin concentrations of

1, 10 and 100 mg/ml.



4. Discussion

Calcium phosphate beads/matrix composites could be successfully

prepared by freeze gelation. It could be shown that they might be suit-

able as scaffoldswith an antibacterial activity due to the release of active

vancomycin.

As part of this work, beadswere successfully preparedwith different

calcium phosphates by droplet extrusion coupled with ionotropic gela-

tion. The ionotropic gelation of natural polysaccharides like alginate

with ceramic particles is an established method to produce ceramic

beads with tuneable properties [44,49,50]. In this study we could

show that bead characteristics, such as morphology, speciûc surface

area (SBET), pore size, and pore size distribution, depend mainly on cal-

cium phosphate type and sintering temperature used. By sintering the

alginate is burned out resulting in pure ceramic beads, and pore size

and stability are increased. On the other hand, sintering leads to a signif-

icant reduction of the SBET, the open porosity and pore volume with

concomitant bead shrinkage. In order to still retain a large SBET, rapid

sintering in a tube furnace was used [51]. The SBET can be further in-

creased by the additional use of silica, that might reduce the pore size

[44]. However, as the drug size usually used is much smaller than that

of the pores, this should not be a hindrance for a homogenous drug

loading and distribution. At 1200 °C the contained SiO2 results to a be-

ginning transformation of HAP to ³-TCP [52354] (for XRD-analysis see

supporting data: Fig. C.1 in the online version at http://dx.doi.org/10.

1016/j.msec.2016.05.042.). At lower temperatures or for TCP beads no

phase changes or other alterations could be observed by sintering. In

comparison to alumina/silica beads [44,51] a distinctmultimodal poros-

ity was achieved for all types of beads except HAP-1200. Suchmeso-po-

rosity is likely to be generated by silica nanoparticles and the alginate

network.

The calcium phosphate powder used can also affect bead character-

istics. The rougher and less homogenous surface of TCP beads might be

related to TCP dissolution [55,56]. Released Ca2+ ions from TCP can

Fig. 5. Absolute (A, B) and cumulative percentage (C, D) vancomycin release from non-sintered and at 800 °C sintered beads over 5 days. The amount of released vancomycin was

determined by UV/VIS spectroscopy at 280 nm. The samples were stored at 37 °C in a Tris-HCl buffer with pH 7.4. The beads were loaded with an initial vancomycin concentration of

10 mg/ml (A, C) and 100 mg/ml (B, D) for 15 min.

Fig. 6. A: Photo of an exemplary near-net-shaped scaffold representing the geometrical copy of a part of the lower jaw of an adult domestic pig (a) and cylindrical samples used for this

study (b). B: ¿-CT image of the frontal plane of thematrix from a beads/matrix-compositewith hiddenHAP-ns beads. C:Micrograph from composite of porous beads (green) incorporated

in open porous HAP-scaffold matrix (grey). Open porosity was obtained by ice crystals during composite preparation.



Fig. 7. Absolute (A, B) and cumulative percentage (C, D) released vancomycin from loaded beads incorporated in HAP-scaffolds over 5 days. The amount of released vancomycin was

determined by UV/VIS spectroscopy at 280 nm. The samples were stored at 37 °C in a Tris-HCl buffer with pH 7.4. The beads were loaded with an initial vancomycin concentration of

10 mg/ml (A, C) and 100°mg/ml (B, D).

Fig. 8. Assessment of the antibacterial activity of released vancomycin from loaded beads (A, B) and loaded beads incorporated in matrix (C, D) by inhibition zone test. Inhibition zone

diameters (in mm) on agar plates as antibacterial effect of released vancomycin on B. subtilis are measured. Each platelet with a diameter of 9 mm was seeded with 60 ¿l eluent of the

release test.



compete with Ca2+ present in the linking solution, occupy the binding

sites of alginate and thus lead to a faster cross-linking [44,57,58]. The

formation of an outer shell at T-ns beads could be related to non-uni-

form gelation.

The different solubilities of the used powders for beadpreparation as

well as the sintering temperature are also reûected in the different sol-

ubilities of the beads. TCP beads showed a faster degradation than HAP

beads. The fastest degradation could be observed for beads sintered at

800 °C since the alginate as stabilising factor is already burned out and

the sintering of the ceramic powder did not start yet. Also the high po-

rosity and thus the accessibility played a key role in solubility behaviour

[59].

Touse thebeads as drug carrier, high SBET and tailorable pore volume

as well as pore size distribution are required and given here. Since the

beads were not washed after loading, a considerable amount of drug

was not only bound but also present in the pores. This increased the

maximum drug loading amount remarkably, especially for substances

with a lower binding afûnity to calcium phosphate. Usually, only large

surface areas are important for improved drug adsorption behaviour.

In the present study also the pore volume was essential resulting in

higher drug loading capacities. The high bead open porosity, which is

usually accompanied by high pore interconnectivity, can favour liquid

penetration, a good ability for drug load. Pore sizes between 19 and

651 nm are large enough for vancomycin uptake (size: ~3.2 × 2.2 nm

[39]) although it is already one of the rather large drugmolecules. How-

ever, the large molecule size might be a limiting factor for its loading

and complete ûlling of the pores with a high packing density due to ste-

ric hindrance [60]. Also, although it has one carboxylic group, vancomy-

cin often shows only weak interactions with calcium phosphate [60]. In

order to obtain amaximumdrug loading,mainly thedrug concentration

must be increased. Beads sintered at 1200 °C were not further

considered due to their small surface size and pore volume and the

thus expected low loading capacity. In this study, a loading time of

15 min was chosen because preliminary kinetic measurements showed

an increase in drug load up to 5 min (TCP-ns) and 10min (HAP-ns), re-

spectively (see supporting data: Fig. B.1 in the online version at http://

dx.doi.org/10.1016/j.msec.2016.05.042.). During this period of 15 min,

an almostmaximumdrug load can be assumedwhile a possible decom-

position of the beads in this time is still considered to be negligible.

Advantages of the beads as drug carrier are no use of toxic sub-

stances and that high sintering temperatures are not essential even as

green body stability and chemical resistance are high enough for han-

dling as well as drug loading and release. No or low sintering tempera-

tures result in enhanced degradation which avoid further surgeries to

remove the drug carrier after they are empty and no longer required.

HAP beads tend to absorb a little more vancomycin than TCP beads.

The larger open porosity, pore volume, and pore diameter allow better

accessibility. The advantages and disadvantages of sintering (greater

porosity and pore sizes vs. smaller surface area) seem thereby to com-

pensate itself, largely based on the amount of drug absorbed.

Vancomycin loaded beads could be used as drug carrier in a bacterial

infected bone cavity with a drug releasing ability. However, for

preventing an uncontrolled and undesirable spreading and migration

of the drug carrier at the implantation site, the loaded beads were em-

bedded in an open porous, degradable, stable, near-net-shape hydroxy-

apatite scaffold. The freeze gelation process allows it to produce

complex, customized to the patient implant geometries [36,45]. The in-

tegration of large particles (beads) in freeze gelated scaffoldswas possi-

ble without larger cracks which could impair their properties.

Stable beads/matrix scaffolds using the freeze gelation process can

only be achieved with ceramic beads. As preliminary investigations

have demonstrated (data not shown), a production of scaffolds with

Fig. 9.Multi-loaded beads/matrix composites. All composites contained 0.11 g loaded or non-loaded beads. A: Schematic drawing and explanation of the experimental groups. B: Total

loaded vancomycin quantity before release in mg per sample. C: Percentage cumulative vancomycin release (%). D: Assessment of the antibacterial activity of released vancomycin

from multi-loaded beads/matrix composites by inhibition zone test. Inhibition zone diameters (in mm) on agar plates as antibacterial effect of released vancomycin on B. subtilis are

measured. Each platelet with a diameter of 9 mmwas seeded with 60 ¿l eluent of the release test.



integrated pure alginate beads is not possible. The ceramic content in the

beads reduces swelling by dehydration of the matrix suspension and

prevents a blasting of the scaffold structure. During drying pure alginate

beads shrink again and can fall out of the scaffold matrix. Small amounts

of alginate, as they occur in non-sintered beads, seem to have no pro-

nounced negative effect on the structure of beads/matrix composites.

It would have been expected that the beads sink in the matrix sus-

pension and sediment concentrated at the bottom. However, the ¿-CT

scan (Fig. 6B) shows that the beads tend to concentrate at the sample

top. The ûoating in the matrix suspension (density Ã = 1.6 ± 0.33 g/

cm3) results from the large porosity and smaller density of the beads

(Ã= 0.84 g/cm3 for HAP-ns beads in consideration of the open porosity)

and the fact that the pores in the interior are not fully inûltrated with sus-

pension (Fig. 6C). Except to the vertical gradient shown in Fig. 6B, the beads

are homogeneously distributed in the scaffold. Due to their larger size com-

pared with the matrix suspension particle size and the ice crystal size, the

beads are encapsulated by the moving interface while freezing [61,62].

However, due to the open porous matrix structure, it is possible that

the beads loaded with active drugs can be ûowed through and thus the

drugs can be released. Drug release from beads or beads embedded in a

matrix is hardly different. The matrix is open porous and the pores are

large enough to not create a diffusion barrier. The beads can be almost

completely reached and ûowed through by the liquid, which makes it

as consequence easy to release. Based on the test results, the drug re-

lease may be referred as diffusion controlled. Although degradation of

matrix and beads takes place, it is considerably slower than the release

of the drugs. Using large concentrations (100 mg/ml) of antibiotics in

the initial sample, the period of the quantiûable release was extended

from 3 days to 4 days irrespective of the bead type. Since not all sides

from the individual beads can be completely attained and a part of the

drug may adsorb on the pores during diffusion, not the entire amount

of loaded vancomycin was completely released during the investigation

period for most samples.

This study has demonstrated the ability to integrate effective antibi-

otics in beads and to produce antibacterial beads/matrix composites.

The inhibition test method could prove that all processing steps do

not hinder or disturb the antibacterial activity and inhibited bacterial

growth. The samples may show a 1 day longer bacteriostatic effect

than detectable with the UV/VIS. Accordingly, it is assumed that al-

though photometrically no more drug release was detectable, a sufû-

cient amount of vancomycin was released in order to be above the

minimum inhibitory concentration (MIC) of gram-positive B. subtilis

(MIC: ~0.12530.25 ¿g/ml [63,64]). Again, composites with high initial

drug concentration showed the longest antibacterial activity.

It has been found that the amount of drug loaded plays an essential

role with respect to a prolongation of the release duration and the anti-

bacterial efûcacy. To increase the maximum absorbable quantity of an-

tibiotics per sample even further, samples were loaded multiple times.

One of our previous studies showed that an incorporation of vancomy-

cin in the scaffold structure via a one-step process is possible [36]. The

incorporation of antibiotics into the matrix structure can build a drug

depot with the effect that the rest of the embedded drugs releases in a

longer period of time while the scaffold is gradually degraded. The re-

lease kinetics are no longer majority controlled by diffusion, but also

controlled by degradation. To ûght a possible infection quickly, already

loadedbeads/matrix composites can be additionally soaked in an antibi-

otic solution to load the matrix pores with a maximum of drug and to

release large quantities of antibiotics quickly. Through these various op-

portunities to sample loading, it is possible to provide a wide range of

different release behaviours and to select the most appropriate for

each individual clinical case.

5. Conclusion

The results of this study conûrmed that calciumphosphate beads ob-

tained by ionotropic gelation are feasible as antibacterial drug carrier.

On this occasion, the initial vancomycin concentration used for loading

had a greater impact on the duration of antibiotics released (5 days for

100mg/ml compared to 3 days for 10mg/ml), and thus the antibacterial

efûcacy, than the calcium phosphate powder (4 to 5 days for HAP com-

pared to 3 to 4 days for TCP) or the utilised sintering temperature,

where no differences between non-sintered beads and beads sintered

at 800 °C could be measured. Nevertheless, the choice of the ceramic

powder and the sintering temperature inûuenced, among other things,

the degradation rate or the loadable drug amount. TCP beads sintered at

800 °C degrade six times faster than HAP beads sintered at 1200 °C in

14 days. Non-sintered beads load ~55 mg/g more vancomycin than

beads sintered at 800 °C. Through the incorporation of loaded beads in

a scaffold matrix by means of freeze gelation process, a spreading of

the beads at the implantation site can be prevented and the duration

of release and thus the duration of antibacterial activity can be further

prolonged up to 1 day. By a multi-loading not only of the beads but

also of the matrix, the release behaviour can be prolonged up to nearly

1 week and adjusted even more precisely. The results afûrmed that

composites of highly drug loaded ceramic beads incorporated in also

drug loaded freeze-gelated matrix scaffolds can cause a sustained anti-

biotic release and antibacterial activity.

Supplementary data to this article can be found online at http://dx.

doi.org/10.1016/j.msec.2016.05.042.
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