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Abstract This paper explores the possibility of using
biodegradable cross-linked gelatines as antibiotic devices
for a long-term elution (80 days). Capillary electrophoresis
(CE) has been utilized to evaluate the mass percentage of
vancomycin and gelatine contemporary released from dif-
ferently cross-linked vancomycin loaded gelatine samples
in an elution time ranging from 24 to 1920 h. While the
solubilization kinetic of gelatine samples differently cross-
linked can be very close described by the simplified Hig-
uchi model, the vancomycin release Kkinetic is
contemporary governed by both the Fickian diffusion
process trough the gelatine matrix network and the disso-
lution process of the matrix due to its degradation.
Comparing the antibiotic eluting kinetics from gelatine at
diverse cross-linking degree we observed that the degra-
dation of the proteic matrix appears to have a minor
influence in the drug release control. Vancomycin released
from all the gelatine partially cross-linked samples results
active against Staphylococcus aureus and Streptococcus
faecalis which represent the most pathogens commonly
isolated in orthopaedic infections. Vancomycin overcomes
the minimum inhibitory concentration for both the bacteria
in the whole range of elution time. Cross-linked gelatine
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devices appear to represent a useful biodegradable delivery
system for local anti-infective therapy in arthoplasty.

1 Introduction

Controlled delivery systems are designed to release definite
amounts of therapeutic agents to specific target over
extended duration time and with a definite kinetic. The
local delivery eliminates the risks at side effects associated
with oral or parenteral therapies such as systemic toxicity.
It also improves the efficacy of the treatment by achieving
higher drug concentrations at target site than those reach-
able with systemic administration. The localized delivery
of antibiotics from an implantable bone replacement
material offers considerable advantages over the traditional
methods. Polymethylmethacrylate (PMMA) beads and
cements are today’s antibiotic delivery carrier clinically
used [1, 2, 3]. Antibiotic is released as it desorbs from the
PMMA surface or diffuses through the polymer matrix or
capillaries as fluid penetrates into the PMMA carrier [4].
However this kind of carrier provides an amount of ther-
apeutic agent which can be not enough to cover all the
prolonged period of time needful to treat bone infection.
Moreover exothermic polymerization of this carrier could
induce thermal degradation of antibiotic. Furthermore
PMMA is non-bioresorbable and unfortunately non bone-
bioactive. The modern drug delivery biomaterials for top-
ical applications during surgery in order to avoid following
explantation, have to be not only biocompatible, but also
bioresorbable and osteoconductive. These desirable prop-
erties have been obtained in inorganic drug delivery
systems using calcium phosphate ceramics [5, 6], apatite
[7], porous hydroxyapatite [8], biphasic calcium
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phosphates [9], biomimetic apatitic nano-crystals [10, 11]
and silica xerogels [12].

In the same way as the PMMA is the most studied
among non-bioresorbable synthetic polymers poly(glycolic
acid), poly(rL-lactic acid) are the most considered among
the biodegradable ones [13, 14]. Among natural polymers
studied such as biomaterials in controlled-release applica-
tions (i.e. collagen, alginate, fibrin, etc) certainly collagen
is the most considered for its unique possibilities of
allowing the synthesis of real biomimetic materials [15, 16,
17]. Gelatine which is obtained by physicochemical deg-
radation of collagen does not express antigenicity like all
the common proteins and it is completely bioresorbable in
biological environments. Gelatine is commonly used for
pharmaceutical, biomedical and surgical applications
because of its biodegradability [18, 19, 20] and biocom-
patibility in physiological environments [21, 22]. The
extensively investigated gelatine sol-gel transformation is
due to a conformational disorder-order transition of the
protein chains forming a thermoreversible hydrogels [23,
24]. Different physical and chemical cross-linking methods
have been described for gelatine in order to decrease its
solubility in aqueous medium and improve its thermal and
mechanical behaviour in physiological conditions, as well
as control its rate of biodegradability [25, 26]. Physical
cross-linking methods are just efficient and their cross-
linking effect on gelatine can be hardly controlled [27]. On
the other hand control over the cross-linking density of
gelatine is possible using aldehydes, isocyanates, polyep-
oxides, carbodiimides and acyl-azides to chemically bridge
the gelatine functional side groups such as free carboxylic
acid residues or amine groups between adjacent protein
fragments [28]. Glutaraldehyde (GA) is by far the most
widely used bifunctional agent to prepare gelatine hydrogel
with specific extents of cross-linking, which can be
increased by either prolonging the cross-linking reaction
period or increasing the GA concentrations [29].

The availability of gelatine cross-linked by GA at
different extent can contribute to obtain a biomaterial
particularly suitable for medical applications because of
the good biocompatibility of the hydrogels and the pos-
sibility of adapting the degradation rate of gelatine to a
specific application [30]. Gelatine hydrogels cross-linked
by GA have been successfully proposed as biomolecules
release [31, 32] and drug delivery [33] systems with
controlled diffusion and can represent a good carrier for
antibiotics during the implantable bone replacements in
arthoplasty.

Vancomycin, one the most studied antibiotic, has a
broad spectrum and efficiency on staphylococci and is of
particular interest in orthopaedic surgery where it can be
associated to bone fillers commonly used to repair bone
defects [34]. In this way systemic toxicity and side effects
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following parenteral administration of antibiotics can be
avoided [35].

The aim of this study is to control the kinetic release and
the antibacterial efficacy of vancomycin for a period up to
80 days by using a bioresorbable gelatine matrix at dif-
ferent cross-linking extent in order to establish a new
delivery system for local anti-infective therapy in art-
hoplasty. The use of antibiotic loaded gelatine is based on
the principle that the antibiotic is totally released during the
gelatine degradation. In fact the antibiotic will gradually be
released from the gelatine during the contemporary gela-
tine biodegradation in such a way that the vancomycin
local level vastly exceed the minimal inhibitory concen-
tration of most susceptible pathogens. The determination of
vancomycin released which is strongly hindered by the
contemporary gelatine degradation was performed by
capillary electrophoresis. High efficiency, fast analysis, and
low cost operation of capillary electrophoresis (CE) have
been viewed as promising features making CE an alterna-
tive technique to liquid chromatography for therapeutic
drug monitoring in recent years.

2 Materials and methods
2.1 Chemicals reagents

Glutaraldehyde (water solution 25%) and glycine were
from Sigma-Aldrich S. r. 1. Physiological solution (sodium
chloride 0,9 g/100 ml) was from Fresenius Kabi. Vanco-
mycin was from Abbott. Gelatine was from Sanofi Bio-
Industrie. Sodium dodecyl sulphate (SDS), Dimethyl
Phthalate (DEP) were from Fluka (Buchs, Switzerland).
Phosphoric acid, sodium hydroxide, were purchased from
Carlo Erba Reagenti (Milan, Italy). Water used for the
preparation of solutions and running buffers, was purified
by a Milli-RX apparatus (Millipore, Milford, MA, USA).

2.2 Vancomycin loaded gelatine

Preparation of vancomycin loaded gelatine at different
cross-linked degrees was performed laying 1 g of lyophi-
lized gelatine in a Petri capsule and successively pouring
10 ml of a vancomycin water solution (0.2 mg/ml) at the
edge of the gelatine. The capsules were maintained in an
oven at 45 °C until to obtain a totally liquid mixture. After
this, the capsules were put at room temperature for 15—
20 min until the gelification was completed. About 12 ml
of GA water solution ranging from 0.035% to 1% (w/w) for
each sample were added onto the gelatine-antibiotic com-
posites in order to obtain different cross-linking degrees.
Then the capsules were closed and put in a laminar flow
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hood for 24 h. The cross-linked samples were washed with
0.1 M glycine aqueous solution and then immersed in an
aqueous 0.1 M glycine solution at 37 °C for 1 h to block
residual GA aldehyde groups and then rinsed with bidis-
tilled water for 5 times to eliminate GA excess. The
composites were kept in a fume hood until obtaining thin
homogeneous samples.

2.3 Determination of the gelatine cross-linking extent

The extent of cross-linking of gelatine samples was
determined by a UV assay of uncross-linked e-amino
groups before and after cross-linking [30]. Following
reaction with 0.5% TNBS (Trinitrobenzene sulfonate),
gelatine was hydrolyzed with 6 M HCI, and extracted with
ethyl ether. The absorbance of the diluted solution was
measured at 346 nm using a Cary 5 UV-Vis-NIR spectro-
photometer (Varian, Palo Alto, CA) against blank. The
relationship between absorbance and moles of e-amino
groups per gram of gelatine is:

moles of ¢ - amino groups  2(absorbance)(0.020 L)

(1.46 x 10* L/mol cm)(b)(x)

g gelatin

where 1.46 x 10* L/mol cm is the molar absorptive factor
of TNP-lys, () is the cell path length in cm, and (x) is the
sample weight in grams and 0.020 L represents a dilution
factor.

2.4 Vancomycin release from gelatine

The samples of Vancomycin loaded gelatine were
immersed in 20 ml of physiological solution inside sterile
containers in a bascule bath at 37 °C for period of time
ranging from 1 to 80 days. At scheduled times sampling
was performed: each container was placed in a vortex for
1 min and an aliquot of 2 ml of physiological solution from
each container was transferred into conical polyethylene
eppendorf tube. The tubes were kept in a freezer at —20 °C
until analyses were performed. In order to keep the same
volume during the release, the initial volume of the phys-
iological solution with the immersed gelatin sample was
replaced with 2 ml of fresh solution.

2.5 Capillary electrophoresis analysis

The release of vancomycin and gelatine was monitored by
capillary electrophoresis capillary (Bio-Rad Biofocus
3,000 Capillary Electrophoresis System; Hercules, CA,
USA) was equipped with a multiwavelength detector; the

data were collected on a PC using the Integration Software
by Bio-Rad. An untreated fused silica capillary tube
(BioCAP™ Bare Silica Capillary, Bio-Rad) of 50 um
internal diameter with an effective length of 195 mm (total
length of 240 mm) was used. The experimental tempera-
ture was constant at 28 °C, the detection wavelength was at
210 nm and the separation voltage was at 8 kV. Injection
of the samples were performed hydrodynamically at
4 psi x s. The running buffer was a borate buffer (pH 12.0)
(25 mM borate, 75 mM SDS). The buffer was filtered by
0.45 pm filter (Millipore, Bedford, MA) and ultrasonically
degassed before use. Capillaries were conditioned by
flushing sodium hydroxide 1.0 M, sodium hydroxide 0.1 M
and finally water for 10 min. Between the runs the capil-
lary was simply rinsed by flushing electrophoretic buffer
for 3 min. Dimethyl Phthalate (DEP) was used as internal
standard. Triplicate injections were made for each solution.

2.6 Vancomycin release data analysis

The percentage of vancomycin released was plotted as a
function of t" according to the simplified Higuchi model
following the expression:

ﬁ _ KHII/Z

where Ky is the Higuchi dissolution constant of which
differently defined by different author and theories. Higu-
chi describes drug release as a diffusion process based in
the Fick’s law, square root time dependent [36].

2.7 Calculation of rate constant k and Half-Life t;/,

To prove the assumption, that all our release experiments
obey a first-order release rate, In([A]/[A],) was plotted
against time, giving a straight line function with slope -k,
where A is the concentration of the vancomycin and k is
the rate constant. The equation of first-order release can be
written as:

M = —kdt

[A]

which can be integrated directly, because k is a constant
independent of ¢, giving:

[A] = [Ale™

where [A]y is the initial concentration of A.

This means that the ([A]/[A]y) ratio decays exponen-
tially as a function of time. The rate constant k in a first
order reaction can also be determined from the half-life t; .
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To calculate the half-life t;,,, the equation of first-order
release can also be written as:

[Aly
K =2
hence
In2
e

The rate constant k was determined for each experiment
by calculating the slope of the function for In[A] plotted
against time.

2.8 Vancomycin antimicrobial bioactivity

The antibiotic activity of released vancomycin was
checked by an in vitro experiment using strains of Staph-
yvlococcus aureus (ATCC 2921) and Streptococcus
faecalis. Culture mediums were made for each strain.
These mediums were seeded respectively, in Mueller
Hinton (Oxoid) agar plates for S. aureus and in KF
Streptococcus for S. faecalis, with a 10 pl calibrated loop
as control plates, 100% bacterial growth.

We tested the bioactivity of the released antibiotic after
1920 h (80 days), for each degree of cross-linking. Bac-
terial colonies were transferred into tubes of sterile water
and vortexed, and the turbidity was adjusted to 0.5
McFarland Standard (108 CFU/ml) and to <<0.5 McFar-
land Standard (10° CFU/ml). 760 ul of physiological
solution with the released antibiotic (sample 0.035%,
0.070%, 0.140% and 1%) were combined with 2.5 mL of
0.5 and <0.5 McFarland Standard S. aureus suspension and
incubated at 37 °C for 48 h. Likewise 760 pl of physio-
logical solution with released vancomycin were mixed with
I mL of 0.5 and <0.5 McFarland Standard S. faecalis
suspension and incubated at 37 °C for 48 h.

In order to understand if the vancomycin preserves its
antibiotic activity, we have evaluated changes in the tur-
bidity of the growth medium. We also tested a control
sample made of physiological solution corresponding to
0.2 MCcF, in fact under this threshold value the inhibition of
bacterial growth is effective. For values higher than
0.2 McF bacteria were seeded again to understand if they
were still alive or dead.

2.9 Statistical analysis
The degradation and drug-release tests were performed in

triplicate, and data were represented as means + one
standard deviation (1 SD). One-way analysis of variance
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(ANOVA) was carried out to compare the data on each
group, and statistical significance was considered at
P < 0.05.

3 Results

The gelatine-vancomycin samples were treated with GA
water solution ranging from 0,035% to 1,000% (w/w) and
the relative cross-linking degree (%) has been determined.

The extent of cross-linking of gelatine has been calcu-
lated from the moles of free e-amino groups per gram of
gelatine. The results shown in Table 1 indicate that a
treatment with 0.035% (w/w) GA is enough to cross-link
about 55% of the e-amino groups. The cross-linking extent
raises increasing GA concentration up to the maximum
value of about 98% which has been obtained after treat-
ment with 1% wt GA solution.

The choice of the GA concentration (% wt) values has
been driven by the correspondent cross-linking extent
obtained. The large gap between 0.140 (% wt) GA and
1.000 (% wt) GA is explained with the slightly difference
of cross-linking degree obtained with these two GA
concentrations.

The total amount of vancomycin and gelatine released
as a function of time was measured by capillary electro-
phoresis. This technique is able to separate gelatine from
vancomycin with high selectivity (Fig. 1).

3.1 Gelatine release profiles

We have determined the mass percentage of gelatine
released from differently cross-linked vancomycin loaded
gelatine samples in the range from 24 to 1920 hours in
order to consider the whole period of time needed to
completely treat the particular orthopaedic infection
(Fig. 2). Any released gelatine has been observed in the
whole experimental time (80 days) in physiological solu-
tion for the 1% GA treated samples coherently with their
complete cross-linking. On the other hand mass percentage
of gelatine released from 73%, 64% and 55% cross-linked
proteins samples were 46%, 48% and 63% respectively and

Table 1 Cross-linking degree (%) of vancomycin loaded gelatine as
a function of GA (% wt)

GA (%owt) Cross-linking degree (%)
0.035 55+3
0.070 64 £2
0.140 73 +4
1.000 98 +2
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Fig. 1 Representative electropherogram of vancomycin and gelatine
from vancomycin loaded gelatine cross-linked sample
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Fig. 2 Mass percentage of gelatine released as a function of time
(hours) in physiological solution from differently cross-linked
vancomycin loaded gelatine samples. Gelatine samples with 55%
(W), 64% (@), 73% (A) and 98% (V) cross-linking degree. Each
point represents the mean + SD of three experiments

inversely proportional to their cross-linking degree. The
64% and 73% GA cross-linked samples show a different
initial burst release, even if the mass percentage of released
gelatine is very similar after 1920 hours.

A curve fitting analysis according to the simplified
Higuchi model has been performed on the gelatine solu-
bilization data previously reported and the calculated fitting
plots are presented in Fig. 3. It is possible to observe as the
simplified Higuchi model can describe very close the
solubilization kinetics of gelatine samples cross-linked at
55%, 64% and 73%. A linear relationship of gelatine
solubilized amount with the square root of time can be

Fig. 3 Fitting of mass percentage of gelatine released in physiolog-
ical solution from vancomycin loaded gelatine samples with 55% (),
64% (@), 73% (A) and 98% (V) cross-linking degree vs. square root
of time

Table 2 Correlation coefficient (R) and standard deviation of the
residuals (SD) relative to the linear fitting of gelatine released
reported in Fig. 3

Cross-linking degree (%) R SD

55 0.969 5.02
64 0.985 3.02
73 0.992 2.42

appreciated, putting in evidence as gelatine release is
completely governed by Fickian diffusion. The linearity of
the trend increases with gelatine cross-linked degree
(Table 2). It means that the value of the correlation coef-
ficient (R) increases and the value of standard deviation of
the residuals (SD) decreases.

3.2 Vancomycin release profiles

Mass percentage of vancomycin released as a function of
time (hours) determined by CE from differently cross-
linked vancomycin loaded gelatine samples are plotted in
Fig. 4. Mass percentage of vancomycin up to about 54%,
37%, 38% and 30% have been released after 1920 hours
from vancomycin loaded gelatine samples with 55%, 64%,
73% and 98% cross-linking degree respectively.

The samples with 64% (@) and 73% (A) cross-linking
degree show a slightly different initial burst release, even if
the mass percentage of released vancomycin is similar after
1920 hours resembling the gelatine released trend previ-
ously observed for the same samples in Fig. 2. The mass
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Fig. 4 Mass percentage of vancomycin released as a function of time
(hours) from vancomycin loaded gelatine samples with 55% (W),
64% (@), 73% (A) and 98% (V) cross-linking degree. Each point
represents the mean + SD of three experiments

percentage of vancomycin released from sample with 98%
(V) cross-linking degree reveals a strong different behav-
iour respect to the inappreciable mass of gelatine released
observed from the same sample (Fig. 2).

A curve fitting analysis according to the simplified
Higuchi model has been performed on the vancomycin
released data previously reported and the calculated fitting
plots are presented in Fig. 5.

The simplified Higuchi model can be successfully applied
to the vancomycin release kinetics from samples with 98%
cross-linking degree (Fig. 5). The linear relationship of
vancomycin released amount with the square root of time
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Fig. 5 Fitting of mass percentage of vancomicyn released from
vancomycin loaded gelatine samples with 55% (W), 64% (@), 73%
(A) and 98% (V) cross-linking degree vs. square root of time
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Table 3 Correlation coefficient (R) and standard deviation of the
residuals (SD) relative to the linear fitting of mass percentage of
vancomycin released reported in Fig. 5

Cross-linking degree (%) R SD

55 0.977 3.96
64 0.983 2.45
73 0.996 1.27
98 0.995 0.96

puts in evidence that from this sample the vancomycin
released is completely governed by Fickian diffusion.

The goodness of the linear fitting decreases in the case
of vancomycin release from gelatine sample cross-linked at
73% revealing that a dissolution process of the matrix is
becoming important in the release event. On the contrary a
linear relationship of vancomycin released amount with the
square root of time is not observed for vancomycin loaded
gelatine sample with 55% and 64% cross-linking degree.
The linearity of the trend increases with gelatine cross-
linked degree (Table 3).

The histogram showing the time necessary for vanco-
mycin loaded gelatine samples at different cross-linking
degrees to release 50% of total antibiotic loaded (t,,,: half-
life) is reported in Fig. 6. Vancomycin loaded gelatine
samples cross-linked at 55%, 64%, 73% and 98% take
1858, 3057, 2851, and 4216 h respectively to release half
of total vancomycin loaded.

3.3 Activity test of eluted vancomycin

Any possible degradation or biological activity loss of
vancomycin eluted from antibiotic loaded cross-linked
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Fig. 6 Time (hours) after which gelatine samples at different cross-
linking degree, release 50% of total vancomycin loaded (t;,: half-
life)
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gelatine samples has been tested as a function of elution
time up to 1920 h (80 days). The relative activity of eluted
vancomycin from each gelatine samples was tested evalu-
ating the changes in the turbidity of the growth media
containing 10° CFU/ml and 10® CFU/ml Staphylococcus
aureus and Streptococcus faecalis. All the growth media
tested with the vancomycin released from gelatine samples
cross-linked up to 73%, in the whole elution time ranging
up to 1920 h, show the same turbidity value of 0.2 McF.
This value is the same as that obtained for the physiological
solution sample used as a control, which reveals vanco-
mycin activity against both the bacteria. On the contrary
the Staphylococcus aureus and Streptococcus faecalis
(10° CFU/ml and 10® CFU/ml) growth media tested with
vancomycin released from completely cross-linked gela-
tine samples at 1920 hours of elution time, show a turbidity
value of 0.4 McF revealing a vancomycin activity reduc-
tion against both the bacteria. The concentration of
vancomycin released after 1920 hours is 18 pg/mL, 19 pg/
mL, 34 pg/mL and 30 pg/mL for gelatine samples 55%,
64%, 73% and 98% cross-linked respectively. These
vancomycin concentration values are higher than the
minimum inhibitory concentration (MIC) of vancomycin
for Staphylococcus aureus and Streptococcus faecalis
media, which are 0.5-1 pg/mL and 0.5-2 pg/mL respec-
tively [34]. These results show that vancomycin released
from all the partially cross-linked gelatine samples is active
against both the bacteria, which represent the most com-
monly isolated pathogens in orthopaedic infections. In fact
the local eluted vancomycin concentrations are so much
greater than the minimum inhibitory concentration (MIC)
for Staphylococcus aureus and Streptococcus faecalis to
overcome any possible degradation or reduction of activity,
which the antibiotic could undergo during elution. The
strong reduction of activity observed for vancomycin
released from totally cross-linked gelatine sample makes us
suppose that drug molecule undergo a degradation due to
the high cross-linking degree. This hypothesis is supported
by the evidence that the antibiotic concentrations released
from totally and partially cross-linked gelatine sample are
comparable and they are an order of magnitude higher than
MIC.

4 Discussion

Management of bone infection is one of the major issues in
orthopaedic surgery. In fact systemic antibiotic therapy,
which are often not possible for adverse effects, usually fail
because of the poor penetration into bone.

An ideal drug delivery system should provide an ade-
quate drug amount at the target site, a drug constant release
for long-term elution and be biodegradable into a suitable

time period in order to avoid successive surgical removal.
This paper explores the possibility of using biodegradable
cross-linked gelatine samples as antibiotic device for a
long-term drug release. Gelatine can be considered either a
non-biodegradable or a bioresorbable material as a function
of its cross-linking degree. The results show that the
treatment of gelatine samples with amount of 1% wt GA
allows to obtain proteic gels with about 100% cross-linking
degree and to make them completely insoluble in physio-
logical fluids. Gelatine samples treated with GA solution
lower than 1% wt form hydrogels only partially cross-
linked which are biodegradable. The lower is the gelatine
cross-linking degree, the higher is its biodegradability. The
possibility to modulate the rate of bioresorbility through
the cross-linking degree, lets gelatine to dissolve oppor-
tunely slowly. This process allows to the soft tissue or bone
defect to gradually fill with tissue [37].

The use of CE in this work allowed us to overcome the
difficulty both to obtain a good separation between a pro-
teic macromolecule and an organic drug and the
overlapping of the gelatine signal due to its much larger
amount. Moreover the analyses have been performed with
a good resolution of signals of antibiotic and gelatine, high
sensibility, fast analysis, and low cost operation.

By this technique we have determined the mass per-
centage of vancomycin and gelatine contemporary released
from differently cross-linked vancomycin loaded gelatine
samples in the range from 24 to 1920 h in order to char-
acterize the antibiotic release kinetics as a function of
gelatine delivery biodegradation.

When the gelatine matrix is completely cross-linked and
consequently not biodegradable, vancomycin is eluted
according to a kinetic completely governed by Fickian
diffusion (Fig. 5). Half of total vancomycin amount loaded
is eluted only after 4216 h. The antibiotic concentration
after 1920 h of elution is greater than the minimum
inhibitory concentration for Staphylococcus aureus and
Streptococcus faecalis. The bacteria inhibition test carried
out to determine the relative activity of the released
vancomycin reveals a strong reduction of activity and make
us suppose that drug molecule undergo a degradation due
to the high cross-linking degree.

When the gelatine device is only partially cross-linked
and consequently biodegradable, vancomycin is eluted
according to a kinetic which is contemporary governed by
the Fickian diffusion process trough the gelatine matrix
network and the dissolution process of the matrix due to its
degradation. In this way, higher antibiotic amount than the
completely cross-linked gelatine are eluted and half of total
vancomycin amount loaded is released just after 1858,
3057, 2851 h from gelatine samples with 55%, 64% and
73% cross-linking degree respectively (Fig. 6). The
amount of antibiotic after 1920 h of elution is greater than
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the Staphylococcus aureus and Streptococcus faecalis
MIC. The bacteria inhibition test carried out to determine
the relative activity of the released vancomycin, reveals
any loss of activity, which could take place during elution.

The simplified Higuchi model can be successfully
applied to the vancomycin release kinetics from samples
with 98% cross-linking degree. This agreement reduces
with the decrease of the cross-linking degree as we
observed with the standard deviation of the residuals rel-
ative to the linear fit reported in Table 3. The release
kinetic of vancomycin eluted from the 64%, 73% and 98%
cross-linked samples appear similar and not strongly
affected by the different dissolution behaviour of the
matrices. This result makes suppose that the driving force
of the antibiotic elution is its diffusion trough the matrix
networks. The degradation of gelatine becomes influent in
terms of percentage of released drug when the cross-link-
ing degree is lower than 64%.

In order to elucidate the effect of gelatine cross-linking
degree on the relative vancomycin amount eluted, in Fig 7
is reported a graphical comparison between vancomycin
released from differently cross-linked gelatine samples and
vancomycin released by diffusion from completely cross-
linked gelatine sample.

Increasing gelatine cross-linking degree the vancomycin
amount eluted decreases getting more and more near the
values determined for completely cross-linked gelatine
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samples. This finding is evident in the range of elution time
from 720 (h) to 1920 (h), but less clear in a period of
elution time lower than 720 h for high cross-linked gela-
tine. Probably at the beginning of the vancomycin release
the diffusion from cross-linked gelatine matrix is prevalent
onto the vancomycin release due to gelatine biodegrada-
tion. In fact for highly cross-linked gelatine samples the
gelatine released amount due to biodegradation process,
became higher in the range of elution time from 720 (h) to
1920 (h).

The results of this work can make us establish that 64%
is the minimum cross-linking degree necessary to allow a
faster sustained release of antibiotic from a biodegradable
gelatine matrix. A lower value of cross-linking degree
consents to obtain a quickly biodegradable device with a
faster drug release rate. On the other hand a higher value of
cross-linking respect to 64% is much more influent on to
the matrix degradation than the antibiotic release trend and
amount.

The results put in evidence the possibility to use cross-
linked gelatine as drug delivery device for a prolonged time
(80 days), which is close to the time needed to treat the
specific orthopaedic infections. The vancomycin released
after 1920 h results active against the common bacterial
infections only in the case of partially cross-linked gela-
tines. The results demonstrated that the device degradation
rate can be selected without loss of antibiotic activity in
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such a way that its resorbibility could be tailored for spe-
cific therapeutic applications.

5 Conclusions

The kinetic release and the efficacy of sustained release of
vancomycin from a bioresorbable gelatine matrix at dif-
ferent cross-linking extent has been investigated in order to
establish a delivery system for local anti-infective therapy
in arthoplasty. The results put in evidence the important
role of the cross-linking degree in both controlling matrix
biodegradation and antibiotic elution. A similar vancomy-
cin elution rate can be observed in the range 60-100%
cross-linking degree, differently of what happens for the
matrix degradation, which appears appreciably diverse as a
function of cross-linking degree. When the gelatine device
is only partially cross-linked and consequently biodegrad-
able, vancomycin is eluted according to a kinetic which is
contemporary governed by the Fickian diffusion process
trough the gelatine matrix network and the dissolution
process of the matrix due to its degradation. However the
degradation of the proteic matrix appears to have a minor
influence in the drug release control. Vancomycin con-
centration released from all the partially cross-linked
gelatine samples, from 24 h to 1920 h of elution time, is
always greater than the minimum inhibitory concentration
for Staphylococcus aureus and Streptococcus faecalis
resulting active against both the bacteria which represent
the most pathogens commonly isolated in orthopaedic
infections. This study could be able to set a drug delivery
device in which the biodegradation of the matrix and the
antibiotic release kinetic parameters can be controlled in
dependence on specific therapeutic needs.

Acknowledgments MIUR (Prin 2006032335), CIRCMSB, CNR
and University of Bologna (Funds for Selected Research Topics) are
acknowledged for financial support.

References

1. J. GALLO, M. KOLAR, V. A. FLORSCHULTZ, R. NOVOTNY,
R. PANTUCEK and M. KESSELOVA, Biomed. Pap. 149(1)
(2005) 153

2. J. KELEKAMP, J. DAWSON, D. HAAS, D. DEBOER and M.
CHRISTIE, J. Arthroplasty 14 (1999) 339

3. M. PENNER, B. MASRI and C. DUCAN, J. Arthroplasty 11
(1996) 939

4. H. VAN DE BELT, D. NEUT, D. R. UGES, W. SCHENK, J. R.
VAN HORN, H. C. VAN DER MEI and H. BUSSCHER, Bi-
omaterials 21 (2000) 1981

5. A. LASSERRE and P. K. BAJPAI, Crit. Rev. Ther. Drug Carrier
Syst. 15(1) (1998) 1

6. R. Z. LEGEROS, Clin. Mater. 14 (1993) 65

10.

11.

12.

13.

14.

15.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. H. GAUTIER, J. GUICHEUX, G. GRIMANDI, A. FAIVRE, G.

DACULSI and C. MERLE, J. Biomed. Mater. Res. 40 (1998) 606

. B. PALAZZO, M. C. SIDOTI, N. ROVERI, A. TAMPIERI, M.

SANDRI, L. BERTOLAZZI, F. GALBUSERA, G. DUBINI, P.
VENA and R. CONTRO, Mater, Sci. Eng., C, C25(2) (2005) 207

. H. GAUTIER, C. MERLE, J. L. AUGET and G. DACULSI,

Biomaterials 21 (2000) 243

N. ROVERI and B. PALAZZO, “Nanotechnologies for the Life
Science” edited by Challa S. S. R. Kumar Wiley-VCH, 2006 Vol.
9, p.283

B. PALAZZO, M. IAFISCO, M. LAFORGIA, N. MARGIOTTA,
G. NATILE, C. L. BIANCHI, D. WALSH, S. MANN and N.
ROVERI, Adv. Funct. Mat. 17(13) (2007) 2180

N. ROVERI, M. MORPURGQO, B. PALAZZO, B. PARMA and
L. VIVI, Anal. Bioanal. Chem. 381 (2005) 601

B. D. RATNER, A. S. HOFFMAN, F. J. SCHOEN and J. E.
LEMONS, “Biomaterials Science: an Introduction to Materials in
Medicine” (Elsevier 2nd ed., New York, 2004)

P. J. ROSE, H. F. MARK, N. M. BIKALES, C. G. OVERBER-
GER, G. MENGES and J. I. KROSCHWITZ, “Encyclopaedia of
polymer science and engineering” (Wiley Interscience 2nd ed.,
New York, 1987) vol 7

M. E. NIMNI, D. T. CHERUNG, B.STRATES, M. KODAMA
and K. SHEIKH, in “Bioprosthesis derived from cross-linked and
chemically modified collagenous tissues” edited by M. E. Nimni,
Collagen, Boca Raton CRC Press,1988) Vol. 3, p.1

. N. ROVERI, G. FALINI, M. C. SIDOTI, A. TAMPIERI, E.

LANDI, M. SANDRI and B. PARMA, Mater. Sci. Eng. 23
(2003) 441

G. FALINI, S. FERMANI, E. FORESTI, B. PARMA, K. RU-
BINI, M.C. SIDOTI and N. ROVERLI, J. Mater. Chem. 14 (2004)
2297

. Y. IKADA and Y. TABATA, Adv. Drug Delivery Rev. 31 (1998)

287

B. BALAKRISHNAN and A. JAYAKRISHNAN, Biomaterials
26 (2005) 3941

M. YAMAMOTO, Y. IKADA and Y. TABATA, J. Biomater.
Sci. Polym. Ed. 12 (2001) 77

A. J. KUIJPERS. P. B. VAN WACHEM, M. J. VAN LUYN, J.
A. PLANTINGA, G. H. ENGBERS, J. KRIJGSVELD, S. A.
ZAAT, J. DANKERT and J. FERJEN, J. Biomed. Mater. Res. 51
(2000) 136

C.H. YAO, B. S. LIU, S. H. HSU, Y. S. CHEN and C. C. TSAI,
J. Biomed. Mater. Res. 69A (2004) 709

C. MICHON, G. CUVELIER, P. RELKIN, and B. LAUNAY, Int.
Biol. Macromol 20 (1997) 259

I. PEZRON, M. DJABOUROV and J. LEBLOND, Polymer 33
(1992) 2622

I. RAULT, V. FREIL, D. ERBAGE, N. ABDUL-MALAK and A.
HUGC, J. Mater. Sci. Mater. Med. 7 (1996) 215

Y. TABATA, A. NAGANO and Y. IKADA, Tissue Eng. 5 (1999)
127

A. J. KUIJPERS, G. H. ENGBERS, J. KRIJGSVELD, S. A.
ZAAT, J. DANKERT and J. FERUEN, J. Biomater. Sci. Polym.
Ed. 11 (2000) 225

E. KHOR, Biomaterials 18 (1997) 95

K. IWANAGA, T. YABUTA, M. KAKEMI, K. MORIMOTO, Y.
TABATA, and Y. IKADA, J. Microencapsul. 20 (2003) 767

A. BIGI, G. COJAZZI, S. PANZAVOLTA, K. RUBINI and N.
ROVERI, Biomaterials 22 (2001) 763

Y. FUKUNAKA, K. IWANAGA, K. MORIMOTO, M. KAKE-
MI and Y. TABATA, J. Controlled Release 80 (2002) 333

T. KUSHIBIKI, R. TOMOSHIGE, Y. FUKUNAKA, M. KA-
KEMI and Y. TABATA, J. Controlled Release 90 (2003) 207

@ Springer



1334 J Mater Sci: Mater Med (2008) 19:1325-1334

33. A. TAMPIER], G. CELOTTI, E. LANDI, M. MONTEVECCHI,  36. T. HIGUCHL, J. Pharm. Sci. 52 (1963) 1145
N. ROVERI, A. BIGL, S. PANZAVOLTA and M. C. SIDOTL, J.  37. L. NIE, D. P. NICOLAU, C. H. NIGHTINGALE, B. C.
Mat. Sci. Mat in Med. 14 (2003) 623 BROWNER and R. QUINTILIANL, Acta Ortho Scand. 66 (1995)
34. L. VERBIST, Agents Chemother. 31(2) (1987) 340 365
35. M. CHOHFI, F. LANGLAIS and J. FOURASTIER, Int. Orthop.
22(3) (1998) 171

@ Springer



	Controlled release of vancomycin from cross-linked gelatine
	Abstract
	Introduction
	Materials and methods
	Chemicals reagents
	Vancomycin loaded gelatine
	Determination of the gelatine cross-linking extent 
	Vancomycin release from gelatine
	Capillary electrophoresis analysis
	Vancomycin release data analysis
	Calculation of rate constant k and Half-Life t1/2
	Vancomycin antimicrobial bioactivity
	Statistical analysis

	Results
	Gelatine release profiles
	Vancomycin release profiles
	Activity test of eluted vancomycin

	Discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


