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Antibacterial active open-porous
hydroxyapatite/lysozyme scaffolds
suitable as bone graft and depot
for localised drug delivery

Berit Mueller, Laura Treccani and Kurosch Rezwan

Abstract

An engineered synthetic scaffold for bone regeneration should provide temporary structural support and a medium for

controlled and localised release of bioavailable medical drugs. In this work, a method is proposed to incorporate

biologically active agents without impairing agent activity into open-porous resorbable hydroxyapatite scaffolds.

Scaffolds are obtained by a one-pot freeze gelation process and loaded with different amounts of lysozyme, a model

macromolecular drug with antibacterial activity. The antibacterial activity is tested by submerging hydroxyapatite scaffolds

with 0.5 to 2.5wt.% lysozyme into two different bacteria stock solutions. A complete dieback of M. luteus bacteria when

in contact with the scaffolds is observed. Higher lysozyme amount in the scaffold leads to faster dieback. In contact with

scaffolds containing 2.5wt.% lysozyme after 30min, no viable bacteria can be observed. An amount of 0.5wt.% lysozyme

in the scaffolds is sufficient to kill all bacteria after a contact time of 24 h. For L. innocua, a bacteriostatic effect is

observed. The scaffolds have spongiosa-like stability and are suitable bone implant substitutes. As agents are released from

the scaffolds by degrees over a time period of at least 9 days, they are particularly attractive as depot for localised drug

delivery of bioactive macromolecular drugs.
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Introduction

Engineered scaffolds are nowadays widely used for res-
toration of bone tissues damaged by tumours, musculo-
skeletal disorders (e.g. osteoporosis and osteoarthritis)
or complicated fractures.1 Ideally, synthetic scaffolds
have to restore, maintain or improve tissue function.
They must provide a temporary stabilisation until
new bone forms in the defect sites,2 and simultaneously
stimulate cell growth and osteoregeneration. Further,
scaffolds must contain therapeutically active agents
that can be delivered and trigger the healing process,
accelerate bone tissue formation and suppress inflam-
matory reactions or bacterial infections.3–5

There are different possible routes of administration
for most drugs, which can be broadly divided into two
categories: systemic and local. Conventional methods
for systemic drug delivery are oral administration and
injection. Oral administration is most convenient for
the patient but can only be applied for small molecules

(e.g. antibiotics and steroid hormones).
Macromolecular drugs such as proteins, protein hor-
mones and enzymes must be administered by injec-
tion6–8 which, in most cases, cannot be conducted by
the patient himself. Both injection and oral administra-
tion are routinely used, but they cannot ensure a suffi-
cient concentration of active drugs at the defect site due
to the poor penetration into the targeted tissue and can
even cause systemic toxicity.9,10

Local drug delivery is considered a promising alter-
native to oral administration and injection. The side
effects and risk of overdose are limited, and it is more
effective as a higher drug concentration can reach
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the targeted site. In addition, it permits controlled
delivery at a specific rate and for a specific period of
time at the desired location.

Drug delivery rate and profile of a particular drug
are key issues and they are mainly determined by the
matrix used as carrier and by the loading method
applied. Several methods have been developed for
active drug incorporation, but only few can be used
for fabricating scaffolds with therapeutic drug-delivery
capability. Moreover, several approaches use carrier
materials or processes not adequate for large scale pro-
duction or clinical applications.11

For instance, the most common approaches for drug
immobilisation in synthetic scaffolds are adsorption,
covalent attachment and self-assembly.12,13 The drugs
are immobilised on the scaffold surface and their
amount is limited by the pore size and surface area of
the scaffold, and their activity can be limited by the
immobilisation itself.

Biomolecular drugs are susceptible to damage by
heat, mechanical agitation, radiation, pH shift and
certain chemicals as for example organic solvents. All
these factors, if deployed in to high degrees during pro-
cessing, can lead to denaturation by loss of molecule
structure and ultimately to loss of function.14–17 As vir-
tually all conventional ceramic moulding processes
involve one or more of the enumerated factors,18 the
processing for the fabrication of protein-containing
scaffolds must be customised so as to prevent drug
damage.

As recently reported in an own previous publication,
it is possible to produce biocompatible, resorbable,
open-porous hydroxyapatite/protein scaffolds by the
one-pot freeze gelation method (OPFG).19 It permits
the direct incorporation of large and controllable
amounts of macromolecules without additional pro-
cessing steps. We have shown that the OPFG method
can be effectively used for the incorporation of both
acidic and alkaline model proteins.19–22 This suggests
that such method is versatile and can be employed to
incorporate also other biological compounds like tem-
perature-sensitive biomolecules and growth factors.

The biocompatibility and resorbability of such scaf-
folds has been already shown by in vivo tests.19

Hydroxyapatite (HAp) scaffolds with 5wt.% LSZ
content implanted in domestic pigs did not cause
inflammation and showed material resorption of over
50% and new bone formation of 21% after 8 weeks.

In this article, we intend to show the feasibility of the
method to create scaffolds capable of long-term release
and simultaneously able to protect sensible incorpo-
rated biomolecules from irreversible inactivation. To
demonstrate this, we used lysozyme (LSZ) as a model
macromolecular drug. LSZ is an antibacterial enzyme
present in body secretions like saliva, blood and tear

fluid able to destroy gram-positive bacteria and widely
used as preservative in foods, medical and cosmetic
products.23

LSZ was incorporated in HAp scaffolds. HAp is a
widely applied material for the fabrication of biocom-
patible and resorbable synthetic scaffolds.24–26 HAp
scaffolds containing 0.5, 1.0, 1.5 and 2.5wt.% LSZ
and without LSZ were fabricated by the OPFG process.
The scaffolds were characterised in terms of porosity,
mechanical strength, protein release and antibacterial
effect to demonstrate their suitability as bone replace-
ment material and drug delivery system.

Materials and methods

Materials

Hydroxyapatite powder (HAp, particle size of 100 nm,
specific surface area of 65 g/m2,22 Prod. No. 04238),
lysozyme (LSZ, lyophilised powder from chicken egg
white, purity> 90%, Prod. No. L6876), agar (Prod.
No. A7002) and phosphate-buffered saline (PBS,
Prod. No. P4417) were obtained from Sigma Aldrich
(Germany). Anhydrous citric acid (Prod. No., 27488,
Fluka, Germany), concentrated ammonia solution
(Prod. No. 105432, Merck, Germany), ammonia stabi-
lised silica sol (solid content of 30wt.% and particle
size of 8 nm, Bindzil 220/30 NH3, EKA, Germany),
o-cresolphthaleincomplexone assay (Fluitest� Ca
CPC, Analyticon, Germany) and McFarland turbidity
standard (Prod. No. R20421, Remel, Germany) were
purchased from different suppliers as specified.

For the bacterial tests, the gram-positive strains
Micrococcus luteus (M. luteus, Cat. No. 20030, DSMZ)
and Listeria innocua (L. Innocua, Cat. No. 20649) and
the gram-negative strainsEscherichia coli (1077, DSMZ)
and Pseudomonas fluorescens (P. fluorescens, Cat. No.
50090 DSMZ) were obtained from the Deutsche
Sammlung von Mikroorganismen und Zellkulturen
GmbH, Germany. The nutrients brain heart infusion
(Prod. No. 53286, Fluka) and lysogeny broth (Prod.
No. L3022, Sigma Aldrich) were obtained for bacteria
cultivation. Double deionised water (ddH2O) with an
electrical resistance of 18 M� (Synergy�, Millipore,
Germany) was used for all experiments.

Scaffold fabrication and characterisation

The scaffolds were fabricated by a OPFG process sche-
matically described in Figure 1 and according to our
previous study.19 Briefly, suspensions were obtained by
mixing ddH2O with silica sol (1wt%) and citric acid
(0.5mg/m2) and adding HAp powder gradually under
constant stirring. Citric acid was used as dispersant and
its amount was normalised on the HAp powder specific



surface area. The specific surface area of HAp corres-
ponded to 65 m2/g and it was quantified by nitrogen
adsorption (Gemini, Micromeritics) as previously
reported.19 The suspension was stirred with a high
speed stirrer (Dispermat LC-2, VMA-Getzmann
GmbH) at velocities up to 2000 rpm. As HAp suspen-
sions are only stable in alkaline milieu, the pH was
adjusted to 8 by adding drop wise concentrated ammo-
nia solution. After homogenisation, LSZ powder was
added to the slurry in concentrations of 0.5, 1.0, 1.5 and
2.5wt.% and stirred for 5min at 2000 rpm. The amount
of LSZ is relative to the suspension’s solid content.

Afterwards, the slurry was poured into moulds made
of plasticised polyvinyl chloride and frozen at �150�C
for 30min (Freezer MDF-1156ATN, Sanyo E&E
Europe BV,UK). By freezing, ice channels are generated
leading to interconnected porosity in the scaffolds after
drying. After demoulding, the scaffolds were dried at
room temperature and defined relative humidity (RH).
First, the samples were slowly dried at 97% RH for 7
days in order to avoid crack formation. Afterwards, they
were stored at 30%RH for 12 weeks. Five different scaf-
fold types were produced for the experiments: scaffolds
with 0.5, 1.0, 1.5 and 2.5wt.% LSZ and scaffolds with-
out LSZ (0wt.%) used as reference.

The mechanical strength of the scaffolds was deter-
mined by a biaxial flexure strength test, the ball on
three balls test according to Borger et al.27 For this
test, disc-shaped specimens of 28mm in diameter and
4.5mm in height were placed on three balls arranged in
a circle and punched by one ball from above positioned
in the middle of the disc. The experiments were con-
ducted with a compression-tension testing machine
(Zwick Z005, Zwick, Germany). Eight specimens for
every scaffold type were used. The Poisson’s ratio for
porous HAp ceramics was obtained from Ren et al.28

and corresponds to 0.25. The total porosity of the

scaffolds was calculated by taking into account material
density, dimensions and specimen weight. The intercon-
nected porosity was measured bymercury intrusion por-
osimetry (Pascal 140/440, Porotec, Germany). Images of
the scaffolds’ texture and microstructures were obtained
by scanning electron microscopy (SEM; Cambridge
Scan, Cambridge Instrument Company, UK). All speci-
mens were sputtered with a thin gold layer (sputter
coater 108 Auto, Cressington, USA).

LSZ and Ca2þ release was measured using cylin-
drical specimens of 14mm in diameter and 5.5mm in
heights. The specimen were immersed in 8ml PBS and
0.2ml of supernatant was removed after 10min, 30min,
1 h, 2 h, 4 h, 8 h, 12 h, 24 h and 32 h without replacement
so as to avoid deviation from bacteria testing condi-
tions. The measurements were done in triplicates. The
amount of released LSZ was determined using a
Bradford protein assay (Prod. No. P500-0006, Bio-
Rad).29 The absorbance was measured at a wavelength
of 595 nm (Xion 500, Dr. Lange GmbH). LSZ solutions
with different concentrations were used as standard
curves to extrapolate LSZ concentration.

The amount of released Ca2þ in the supernatant was
quantified using o-cresolphthaleincomplexone as
described elsewhere.20 Briefly, 2ml of the assay reagent
was added to 50 ml of supernatant and incubated for
15min at room temperature. The absorbance was
measured at 570 nm. The calcium concentration was
calculated using standard curves (serial dilution of
CaCl2, 0–200mg/ml). The release tests followed the
procedure of the optical density bacterial tests (see
next section).

Bacterial tests

The antibacterial properties and LSZ activity of
the specimens were determined with three different
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Figure 1. Schematic of the one-pot freeze gelation (OPFG) process. The direct mixing of the proteins into the slurry enables the

fabrication of HAp/LSZ scaffolds in a one-step process. After casting and freezing, the water in the suspension forms open-porous

channels within the scaffold. By addition of freeze-sensitive silica sol, a sufficient mechanical strength of the scaffold green bodies is

obtained and no further sintering steps are required. The process allows the near-net-shape fabrication of customisable parts as

representatively shown.



assays: optical density measurements, total viability
counts and zone of inhibition tests (Kirby–Bauer
tests30). The optical density measurements and total
viability counts were done with two gram-positive
(M. luteus and L. innocua) and two gram-negative
(E. coli and P. fluorescens) bacteria strains. For the
zone of inhibition tests, only the M. luteus strain was
used. Prior to the bacterial tests, all scaffolds were
gamma-sterilised at a dosage of 25 kGy. These condi-
tions were selected as used for commercial-scale steril-
isation of medical supplies.31

Agar plates were obtained by filling sterilised Petri
dishes with autoclaved, 60�C tempered agar medium
enriched with 5wt.% of nutrient. Brain heart infusion
was used as nutrient for M. luteus and L. innocua,
whereas lysogeny broth was used for E. coli and
P. fluorescens.

Bacteria were cultivated on agar plates and after-
wards suspended in nutrient broth at a temperature
of 20�C for 18 h. Bacteria were recollected by centrifu-
gation at 2500 rpm for 10min, dissolved in sterilised
PBS and diluted to an optical density of 0.12, which
corresponds to a bacteria concentration of 3� 108

CFU/ml according to the McFarland turbidity stand-
ard. Cylindrical specimens (14mm in diameter and
5.5mm in height) were immersed in 8ml of the
prepared bacteria stock solutions of the two different
bacteria strains. For each scaffold type (with 0, 0.5, 1.0,
1.5 and 2.5wt.% LSZ), five specimens were used and
separately analysed. The optical density was measured
by a plate reader (Plate CHAMELEON V, Hidex)
using 0.2ml of bacteria solution collected after
10min, 30min, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h and 32 h.

In addition, LSZ control measurements were con-
ducted by adding different amounts of LSZ to 8ml
bacteria stock solution resulting in two different LSZ
concentrations (0.5 and 0.05mg/ml). Throughout the
experiments, the testing tubes (Cat.-No. 525-0304,
VWR) with the specimens and the bacteria solutions
were kept at a constant temperature of 20�C and
shaken to avoid bacteria sedimentation.

For total viability counts, bacteria supernatant was
removed after 8 and 24 h and diluted with PBS. As the
bacteria concentration widely differed throughout the
experiments for each measurement point, several dilu-
tions between 1 and 100,000 were required to obtain
reliable results. Optical density measurement results
were used as reference points. The diluted bacteria sus-
pension was uniformly spread with a Drigalski spatula
on the agar plates and kept at 20�C for 3 days.
Afterwards, the number of CFU was counted only con-
sidering plates with less than 300 colonies.

For the zone of inhibition tests, three specimens of
each sample type were imbedded in BHI-agar cooled
down to 40�C. This was necessary as the scaffolds were

too heavy to be supported by the agar layer.
Afterwards, 0.33ml of bacteria solution was dispersed
on the prepared BHI-agar plates. After 3 days of culti-
vation time at 20�C, samples were photographed to
measure the size of the inhibition zone. All processing
steps were done with sterilised media and under a clean
bench to avoid any contamination.

Results

Scaffold characterisation

A schematic of the fabrication process and green bodies
with different sizes and shapes are representatively
shown in Figure 1. The OPFG method permit the cre-
ation of scaffolds with specific shapes and different geo-
metries by using different moulds, thus enabling
customisable scaffolds that can perfectly match bone
defects. By freezing of the suspension, the HAp par-
ticles are moved apart from the ice crystals. After ice
evaporation, porous microstructures are formed and
are a negative replica of the ice crystals. The use of
silica sol can be used to enhance scaffold stability and
confer sufficient mechanical strength to green bodies. In
fact, it has freeze sensitive properties and induces an
irreversible gelling of the scaffold during freezing.32

Biaxial flexure strength vs. total porosity is plotted in
Figure 2(a). SEM images of polished sections of the
scaffolds are given in Figure 2(b). The biaxial flexure
strength was varying between 1.7� 0.1MPa (with
0.5wt.% LSZ) and 5� 0.6MPa (2.5wt.% LSZ).
Likewise, the total porosity was varying between
63� 0.6% (0.5wt.% LSZ) and 55.4� 1.3% (2.5wt.%
LSZ). Scaffolds without LSZ had a strength of
3.6� 0.7MPa and a porosity of 56.5� 0.9%. All scaf-
folds had an average nano-pore size of around 50 nm
measured by mercury intrusion porosimetry. SEM
images (Figure 2(b)) revealed larger micropores with
lamellar morphology up to 100 mm in length in scaffolds
with 0.5 and 1.0wt.% LSZ, which moreover showed an
alignment. In contrast in scaffolds with 0.0, 1.5 and
2.5wt.% pores had a size up to 5 mm and cellular
morphology. According to mercury intrusion porosi-
metry, measurements over 90% of the total pore
volume was interconnected.

The water evaporation during the drying period led
to a shrinkage of 25� 1% for scaffolds with 0.0, 1.5 and
2.5wt.% LSZ. The scaffolds with larger pores (1.0 and
0.5wt.% LSZ) had a shrinkage of 21 and 15%,
respectively.

The behaviour of the dried scaffold in contact with
liquids, the release of calcium ions and LSZ molecules
loaded in the scaffold, was considered up to 32 h. When
immersed in liquid, the dried scaffolds remained intact.
As shown in Figure 3, two main LSZ release pattern



can be identified as a function of the incorporated LSZ.
The amount of LSZ is expressed in mg/ml to correlate
with the amount of LSZ used for bacterial tests. The
highest LSZ release up to 0.40mg/ml was observed
after 32 h for scaffolds with 1.5wt.% and 2.5wt.%
LSZ. The concentration of LSZ released corresponds
to �15% and �8% of the initial quantity of
protein introduced in 1.5wt.% LSZ and 2.5wt.%
LSZ scaffolds, respectively. A lower LSZ release

(�0.05mg/ml after 32 h) was observed for scaffolds
with 0.5 and 1.0wt.% LSZ corresponding to 3.9 and
3.8% of the initial LSZ content, respectively.

Figure 4 shows the Ca2þ release in demineralised
water (a) and in PBS (b). Ca2þ release amounts lower
than 10�4 M were found in PBS. After 24 h, no Ca2þ

could be measured as Ca2þ concentration was
below the assay detection limit (corresponding to
0.05mmol/l). For scaffolds with 0.5wt.% LSZ, all
values were under the detection limit. For comparison,
Ca2þ release was also observed in demineralised water
leading to 10 times higher values (a).

Bacterial tests

The antibacterial efficacy of the HAp/LSZ scaffolds
and released LSZ against both gram-positive bacteria
M. luteus and L. innocua were evaluated in vitro during
a period of 32 h using different assays.

The activity of LSZ released from HAp/LSZ scaf-
folds was monitored with M. luteus by means of a zone
of inhibition test, also called a Kirby–Bauer test. This
test is used clinically to determine the ability of
antimicrobial agents to inhibit microbial growth.
If the bacterial strain is susceptible to the antimicrobial
agent, a clear zone (the zone of inhibition) appears on
the agar plate around the specimen. The formation of
inhibition on the agar plates was observed around all
HAp/LSZ scaffolds but not around the scaffolds
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without protein. Some representative images taken
after 3 days cultivation (Figure 5(a) to (e)) show that
the extension of the inhibition zone is proportional
to the amount of LSZ contained in the scaffold
(Figure 5(f)). The largest inhibition was observed for
scaffolds containing 2.5wt.% LSZ.

The antibacterial activity of LSZ released from the
HAp/LSZ scaffolds was measured with M. luteus and
L. innocua by means of turbidimetric and total viability
tests (Figure 6). The bacteria stock solutions (initial
bacteria concentration of 3� 108 CFU/ml) and LSZ-
free scaffolds were used as a reference.

The bacteria concentration in the stock solution was
screened by total viability counts after 8 and 24 h. For
L. innocua, both at 8 and 24 h, the bacteria concentra-
tion was close to the initial concentration of the stock
solution (3� 108 CFU/ml). The number of M. luteus in
stock solution was also constant over the observed time
period. However, counts yielded only 0.8� 108 CFU/
ml after 8 and 24 h, presumably related to the slower
growth rate of M. luteus in comparison to L. innocua.
Therefore, fewer M. luteus colonies became visible.

A dieback of M. luteus and a growth inhibition for
L. innocua in contact with HAp/LSZ scaffolds were
observed during a time period of 32 h. Scaffolds with
2.5wt.% LSZ showed the highest antibacterial activity
and an optical density corresponding to 0 CFU/ml was
measured after 30min. In contrast, scaffolds with
0.5wt.% LSZ showed a slower decline in bacteria
concentration. After 32 h, the OD corresponded to
0.19� 108 CFU/ml denoting that only 0.006%

of added bacteria were still alive (Figure 6(a)). The
total viability count test confirmed these results
(Figure 6(b)). After 8 h, viable M. luteus bacteria
could only be detected for scaffolds with 0.5wt.%
LSZ. After 24 h, no viable bacteria were observed for
any LSZ containing scaffolds. The scaffolds without
LSZ showed bacteria numbers after 8 and 24 h of 1.4
and 0.6� 108 CFU/ml, respectively, and an increased
optical density as compared to the stock solution was
observed beginning at 2 h.

For L. innocua, the optical density remained con-
stant for all samples up to 4 h. After 8 h, a slight
increase in optical density could be observed for all
samples (Figure 6(c)). The total viability counts
revealed an almost equal bacteria number for all sam-
ples. Measurements after 8 and 24 h yielded similar
results for all scaffold types (Figure 6(d)).

E. coli and P. fluorescens showed constant bacteria
concentration up to 4 h. Subsequently, strong bacteria
proliferation both in contact with LSZ-free and LSZ-
containing scaffolds was observed (data not shown).

The effect of LSZ on the bacteria strains was
observed in a control experiment using freshly prepared
LSZ solutions. LSZ was added to each bacteria stock
solution at concentrations of 0.05 and 0.5mg/ml. The
concentrations were chosen to resemble the two main
LSZ release pattern (Figure 7). Both for 0.05 and
0.5mg/ml LSZ concentration, all M. luteus bacteria
were killed after 24 h. For L. innocua, the cell number
decreased up to 70% for 0.05mg/ml LSZ and up to
92% for 0.5mg/ml LSZ (Figure 7).
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Discussion

In this study, we showed that the OPFG process per-
mits the fabrication of porous scaffolds, which can
incorporate sensitive biomolecules directly in the
slurry and they remain active over a long-time period.
The scaffolds feature an interconnected porosity and
the porosity and strength of all fabricated scaffold
types are in the range of human Spongiosa.33–35

Moreover, this method enables the fabrication of scaf-
folds with customisable geometries and shapes. All
these features make the scaffold suitable for usage in
tissue engineering.

The freeze-sensitive silica sol, which can irreversibly
gel, induces the stabilisation of the interconnected por-
osity formed by the ice channels and imparts sufficient
strength to the overall green body structure. This makes
any further heat treatment unnecessary and the green
scaffolds can be easily handled, e.g. facilitating their use
in clinical settings.

The biaxial flexure strength of the scaffolds is only
indirectly affected by the presence of protein, although
it seems to increase with increasing LSZ content (with
the exemption of protein-free scaffolds). In fact, when

biaxial flexure strength is plotted against the scaffolds’
total porosity (Figure 2(a)), it becomes apparent that
the strength depends on porosity only, and a direct
influence of LSZ on scaffold strength cannot be
observed. In addition, the lamellar, aligned micropores
in scaffolds with 0.5 and 1.0wt.% LSZ led to less sta-
bility as compared to the other scaffold types. With
increasing LSZ content, the porosity is decreasing lead-
ing to higher mechanical stability. The porosity of pro-
tein-free scaffolds is close to the porosity of scaffolds
with 1.5wt.% LSZ. Hence, both scaffold types have
comparable biaxial flexure strength. The poor or no
influence of LSZ on the scaffolds’ strength seems to
be directly related to LSZ inability for networking.
We have shown in a previous study that other proteins
with networking capability, like BSA and fibrinogen,
have a direct influence on the mechanical properties
of scaffolds obtained by the OFPG-process.19,20

The porosity and structure of freeze casted scaffolds
is dependent on many factors, among others particle
size, solid concentration in the slurry, sample shape
and the influence of additives.36,37 The use of nano-
HAp suppresses the formation of aligned pores
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and promotes the formation of numerous small pores
as more nucleation sites for ice crystal growth are gen-
erated due to greater surface area.38 Indeed, the forma-
tion of aligned pores is suppressed in scaffolds with 0,
1.5 and 2.5wt.% LSZ. However, when LSZ is added in
concentrations of 0.5 and 1.0wt.% aligned pores

are formed with pore diameters up to 100 mm. The
influence of protein on the structure of freeze casted
scaffolds has been investigated in a few studies where
gelatine (hydrolysed protein) was used as additive.36,39,40

These works also reveal different pore morphologies
and sizes dependent on gelatine concentration.
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Figure 6. Proliferation of gram-positive bacteria in the presence of HAp/LSZ scaffolds determined by optical density measurements

over a period of 32 h (a,c) and by total viability counts after 8 and 24 h (b,d). The experiments were carried out for the bacteria stock

solutions (st) and for scaffolds with 0, 0.5, 1, 1.5 and 2.5wt.% LSZ. The dotted lines in (a) and (c) represent the viability of the bacteria

of stock solutions. As LSZ damages the cell walls of gram-positive bacteria, M. luteus cells (a,b) are destroyed and the proliferation of

L. innocua cells (c, d) is prevented.



For example, Zhang et al., which however used a differ-
ent solid content andHAp powder with different particle
size, observed up to 5 times larger-sized pores for
scaffolds with 2wt.% as compared to scaffolds with
6wt.% gelatine.39

The results demonstrate that the antibacterial effect
of LSZ is not impaired by the processing, even though
LSZ molecules are subjected to mixing at high speed up
to 2000 rpm, freezing at �150�C and drying for 12
weeks (Figure 1). This suggests that the process is suit-
able for the preservation of drugs and facilitates the
scaffolds off-the-shelf application. Figure 5 shows by
means of a zone-of-inhibition experimental set-up
how HAp/LSZ scaffolds clearly inhibit the growth of
gram-positive M. luteus bacteria. The diameter of the
inhibition ring that developed around the LSZ-contain-
ing scaffolds is linearly dependent on the amount of
LSZ in the scaffold. The antibacterial property depends
only on active LSZ molecules released from the scaf-
folds and is not influenced by other agents used for
processing. For instance, the citric acid used for
slurry stabilisation is one of the most common food
additives both for flavouring and, due to its antibacter-
ial properties, also as preservative.41,42 However, the
applied concentration used in this study is too low to
have a significant antibacterial effect.43 An impact
of gamma-sterilisation on LSZ activity could not be
observed either. This goes along with other findings
showing that gamma-sterilisation up to a dosage of
25 kGy does not or only minimally impair enzymatic
activity.44,45 However, the extent of damage by

gamma-sterilisation may vary dependent on the specific
biomolecule, so that the applied dosage of gamma ster-
ilisation must be ascertained for the deployed drug
individually.46

A quantitative study on the antibacterial effect of
LSZ on two gram-positive strains was carried out by
turbidimetric measurements and total viability counts.
The results of both methods are in good correlation
with each other. The HAp/LSZ scaffolds had an anti-
bacterial effect on both gram-positive bacteria strains.
In the case of M. luteus, all bacteria were destroyed. In
the case of L. innocua, an increase in bacteria number
could be prevented denoting a bacteriostatic effect
(Figure 6). For M. luteus, a LSZ amount of 0.5wt.%
in the scaffolds, corresponding to a maximum concen-
tration of 0.04mg/ml in the experimental setting, was
sufficient to destroy all bacteria after 24 h. Higher
amounts of LSZ in the scaffold led to even faster
dieback.

The effect of the HAp/LSZ scaffolds on gram-nega-
tive bacteria was also investigated with the bacteria
strains E. coli and P. fluorescens. A bacteriostatic
effect was observed up to 4 h, and after 4 h, bacteria
proliferation increased. This finding is not surprising
as gram-negative bacteria are generally resistant to
LSZ as they have thicker and more stable cell walls
than gram-positive bacteria.47 However, experiments
showed that LSZ can destroy gram-negative bacteria
under certain circumstances, for example, if modified
by fatty-acid-attachment48 or if combined with lacto-
ferrin, another antibacterial protein.49 In this way, LSZ
could be deployed against a wider range of bacteria
strains.

In several studies, a comparably higher biofilm for-
mation was observed on HAp surfaces than on other
ceramic surfaces as zirconia, metal surfaces as Ti or
Co/Cr, and even natural surfaces as bovine bone.50–52

Thus, the appliance of antibacterial agents in connec-
tion with HAp-based bone replacement materials is
highly important. The high affinity of HAp scaffolds
to biofilm formation could also explain why a bacteria
dieback could not be reached for L. innocua when in
contact with HAp/LSZ scaffolds, though reference
experiments showed a clear antibacterial effect of LSZ
on L. innocua (Figure 7).

Though LSZ has a solubility of up to 10mg/ml, the
release rate was low indicating that the HAp scaffolds
protected the protein from uncontrolled release. After
32 h, a maximum concentration of 0.4mg/ml was dis-
solved for scaffolds with 1.5 and 2.5wt.% LSZ content.
This corresponds to a release rate of 0.1mg/h. For scaf-
folds with lower LSZ content, 0.5 and 1.0wt.%, the
release rate was only 0.02mg/h. The highest percentage
of LSZ released in the experimental setting after 32 h
corresponded to 15wt.% denoting that a protein
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Figure 7. As a control, the effect of pure LSZ on the bacteria

proliferation after 24 h was detected. LSZ was added to the stock

solution of every bacteria strain at two different concentrations

(0.05 and 0.5mg/ml) according to the scaffolds’ LSZ release. The

numbers given on the bars represent total viability counts after

24 h. LSZ inhibits the proliferation of both gram-positive bacteria

strains. A LSZ concentration of 0.05mg/ml suffices to kill all

M. luteus cells have died after 24 h. L. innocua shows a slightly

higher resistance to LSZ. A LSZ addition of 0.5mg/ml leads

to a decrease in cell number of 92% after 24 h relative to the

L. innocua stock solution.



content of 85wt.% and higher remained in the scaf-
folds. The slope of the release curves did not decrease
up to 32 h, indicating ongoing release also for longer
time periods (Figure 3). The release is regulated by ini-
tial protein content and porosity. The open porosity of
the scaffolds combined with mostly nanometre-scale
pore diameters secures slow drug release. The antibac-
terial tests showed that the low release rates were suffi-
cient to kill bacteria.

In a previous study, HAp/LSZ scaffolds with 5wt.%
LSZ content were tested in vivo in domestic pigs and
did not only produce no inflammation but showed
material resorption of over 50% and new bone forma-
tion of 21% after 8 weeks.19 In another previous study,
it could be shown by adsorption experiments with
model proteins that HAp powder can bind both alka-
line and acidic proteins in almost equally high
amounts.22 This renders the method suitable for the
sustained release of a variety of biologically effective
molecules, e.g. antibiotics.20 For the above reasons,
the scaffolds are a highly interesting drug delivery
system that would enable constant drug supply over
longer time periods at the defect site in the patient.

Conclusions

The experiments showed that the proposed one-step
fabrication method is suitable to incorporate sensitive
macromolecular drugs into customisable, open-porous
resorbable HAp bone substitutes without impairing
their activity. The drugs are released by degrees, so
that they are effective over a longer time period of at
least 9 days.

By incorporating LSZ as an antibacterial agent, an
effect on gram-positive bacteria could be observed.
Whereas a clear antibacterial effect on M. luteus was
observed only a bacteriostatic effect was found for
L. innocua. For the gram-negative bacteria strains
which are not affected by LSZ high bacteria prolifer-
ation was observed indicating the good bacteria adhe-
sion on HAp surfaces and the necessity for antibacterial
agents. Higher LSZ content in the scaffolds led to faster
bacteria dieback in the case of M. luteus and a 2.5wt.%
LSZ content killed all M. luteus bacteria after a very
short time (30min). Scaffolds with a lower LSZ content
(0.5wt.%) also had a sufficient antibacterial effect with
a total dieback of M. luteus after 24 h.

Sufficient stability for handling could be reached for
all scaffold types with HAp scaffolds with 2.5wt.%
LSZ featuring the highest strength of 5.0MPa along
with a porosity of 55%. The highest pore volume and
diameters were reached for scaffolds with 0.5wt.% with
63% total porosity and pore diameters of up to 100 mm.

All these promising results have shown that scaffolds
obtained by the one-pot freeze gelation method

containing proteins are a potential bone substitute can-
didate for bone tissue engineering and localised drug
delivery of highly bioavailable macromolecular drugs.
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