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Abstract

Our aim was to develop a new method of chemical binding of gentamicin to vascular prostheses made of poly(ethylene
terephthalate) (PET) fibres and covered with pig gelatine. We estimated (with the HPLC method) the immobilization yield,
which equalled 76 or 8% depending on the concentration of the antibiotic used and the amount of gentamicin bound to the
prosthesis (1.08–20.6 mg/g of prosthesis). The antibiotic was coupled in two modes: stable covalent binding or weak adhesion.
The results confirmed that only a small quantity of the antibiotic (1.03–3.09%) was bound by adsorption. The modification of
the prosthesis surface with immobilized gentamicin was visualized with a scanning microscope (SEM). Bacteriostatic properties
of bound gentamicin were verified against different concentrations (cfu) ofEscherichia coli, Pseudomonas aeruginosaand
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taphylococcus aureusstrains. We have found lack of growth of these pathogen strains in Luria–Bertani (LB) medium con
ieces of gentamicin-coupled prosthesis during at least 28 days of the experiment. Contrary to that, a control medium
ieces of prosthesis only soaked with gentamicin allowed a constant growth of bacteria.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Infections of vascular grafts occur despite full steril-
ty during surgical procedures and regardless of peri-
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operative parenteral antibiotic prophylaxis. Such in
tions may cause a significant danger by increasin
risk of a patient’s death. The most common reaso
infections is the presence of such bacterial strain
Staphylococcus aureus, Staphylococcus epidermid,
Escherichia coli, Pseudomonas aeruginosaandPro-
teussp. (Huebner and Golabmann, 1999; Lyczak et
2000; Puzova et al., 1994). To prevent the coloniza
tion of biomaterial after implantation, graft surfac
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are chemically modified with proteins, silver or antibi-
otics (Kinney et al., 1991; Gahtan et al., 1995; Phaneuf
et al., 2001; Virto et al., 2003; Neut et al., 2003). Pros-
thetic vascular grafts are prepared with the use of ei-
ther an active or a passive process of antibiotic loading
(Gelabert and Colburn, 1992; Avramovic and Fletcher,
1991; Haverich et al., 1998; Vicaretti et al., 1998).
These methods are based on electrostatic or hydropho-
bic interactions between oppositely charged functional
groups of biomaterials and antibiotics, which allow the
creation of weak bonds (Belt et al., 2001).

Retention of antimicrobial activity is problematic,
and so, it reduces the effectiveness of antibiotic-bound
grafts. Appropriate modifications of graft surfaces may
result in prolonged (up to 10 days) antibiotic retention
(Gahtan et al., 1995; Vicaretti et al., 1998).

In our research, we attempted to resolve the prob-
lem of implant infections by covalent binding of gen-
tamicin to gelatine-sealed vascular grafts made of
poly(ethylene terephthalate) (PET).

Gentamicin is a mixture of sulphates of
structurally-related antimicrobial substances pro-
duced byMicromonosporaspecies—purpurea and
echinospora—and belongs to amino glycoside family
of antibiotics. The mechanism of action of this drug
relies on the inhibition of protein biosynthesis by
binding to the 30S ribosomal subunit as well as on
the resulting blockade of translocation on bacterial
ribosomes. At higher concentrations, this aminogly-
coside damages also bacterial cell membranes which
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A pharmaceutical preparation of gentamicin, at a
concentration of 40.0 mg/ml, from KRKA (Croatia)
was used for the immobilization process. Phosphate-
buffered saline (PBS) solution at pH 7.4 (prepared
according to theBritish Pharmacopoeia, 1998) was
used for dissolving and diluting gentamicin. Methanol
and 2-propanol (HPLC grade) were obtained from
Merck (Germany). All other reagents and solvents
used for HPLC analysis were prepared from analyt-
ical grade substances obtained from Merck. Phtha-
laldehyde reagent was freshly prepared by dissolving
200 mg of OPA in 1.5 ml of methanol, adding 15 ml of
borate buffer and 0.5 ml of mercaptoacetic acid, and
adjusting the produced solution to pH 10.4 with 40%
potassium hydroxide solution. Borate buffer was ob-
tained by adjusting the pH of 25% boric acid solution
to 10.4 with 40% potassium hydroxide.

2.2. Vascular prostheses

Vascular prostheses—Tricogel® were produced by
Tricomed (Poland). They were made of poly(ethylene
terephthalate) fibres and covered with pig gelatine.

2.3. Gentamicin immobilization

In order to optimise the process of immobilization,
gentamicin solutions at concentrations of 0.25 mg/ml
(P1), 0.5 mg/ml (P2), 1.25 mg/ml (P3), 2.5 mg/ml (P4),
5.0 mg/ml (P5), 10.0 mg/ml (P6), 20.0 mg/ml (P7),
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auses the efflux of some ions and low-molecular m
ompounds from cytosol to the outside of cells.

Gentamicin is active against a broad spectrum
acteria including Gram-positive and Gram-nega
acteria; its high activity againstP. aeruginosaand
nterobacteriaceae(E. coli, Enterobacter, Klebsiella,
almonella, Shigella, Serratia, Proteus) is of particu-

ar interest. Gentamicin acts also synergistically w
enicillin againstStreptococcusspecies (Bowman and
and, 1980; Gringauz, 1997).

. Materials and methods

.1. Materials

Standard solution of gentamicin sulphate at a c
entration of 1.0 mg/ml, ando-phthaldialdehyde (OPA
ere obtained from Fluka Chemie (Switzerland).
0.0 mg/ml (P8) and 40.0 mg/ml (P9) mg/ml were p
ared by diluting the commercial preparation of g

amicin (40 mg/ml).
Gentamicin binding to vascular prostheses was

ormed with the covalent method presented in the
sh Patent no. PL358934 (Ginalska et al., 2003). Vascu-
ar PET prostheses were activated with glutaralde
ccording toLappi et al. (1976).

.4. Quantification of gentamicin by HPLC

.4.1. Apparatus
The Gilson (France) HPLC system comprised a

iode Array Detector, Model 306 pumps, a Rheod
alve with a 20-�l loop, a Model 811C dynamic mixe
Model 805 manometric module, and a Model 864
asser. Uni PointTM Software v. 2.1 was used for co

ecting data. Chromatographic analysis was perfor
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on a Nova-Pak® RP-18 (150 mm× 3.9 mm, 5�m parti-
cle size) column from Waters. A 5 g solution of sodium
hexanesulphonate in a mixture of 650 ml of methanol,
300 ml of water and 50 ml of glacial acetic acid was
applied as the mobile phase at a flow rate of 1.0 ml/min
at 2500 psi. Measurements were made at a wavelength
of 330 nm.

2.4.2. Calibration
Calibration solutions containing increasing concen-

trations of gentamicin from 0.025 to 1.0 mg/ml were
prepared by respective dilution of the standard gen-
tamicin solution (1.0 mg/ml) with water. A 0.6 ml of
2-propanol and 0.4 ml of phthalaldehyde reagent were
added to an aliquot of 1.0 ml of each calibration solu-
tion and mixed accurately. The mixtures were heated
in a thermostatically-controlled water bath at 60◦C for
15 min and cooled (using iced water) prior to injection
onto the HPLC column.

2.4.3. Determination of gentamicin in solutions
before and after immobilization

One millilitre of each gentamicin solution prepared
for immobilization (P1–P9) and obtained after immo-
bilization was analyzed according to the procedure de-
scribed earlier.

Prior to the determination, the above-mentioned so-
lutions were diluted 1:10 (v/v) (P3–P5) or 1:40 (v/v)
(P6–P9) in order to obtain concentrations in the range
between 0.25 and 1.0 mg/ml. Solutions P1 and P2
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ATCC 25923. Before testing, inocula of each bacterium
were grown in Luria–Bertani (LB) medium. The inoc-
ula were used in infecting doses as follows:

E. coli—1× 102, 1× 104, 4× 106 and 4× 108 cfu/ml
(colony forming units/ml).
P. aeruginosa—1× 102, 1× 104, 1.9× 107 and
1.9× 109 cfu/ml.
S. aureus—1× 102, 1× 104, 5.9× 106 and
5.9× 108 cfu/ml.

The inocula of each bacterial strain were mixed
with 5 ml of LB medium containing Tricogel® pieces
(1 cm2). A control contained pieces of Tricogel®

soaked in gentamicin solution (4.7 mg/ml). During a
28-day incubation period (shaking: 35 rpm at 37◦C),
LB medium samples from each experiment were tested
for bacterial growth by measuring the optical density
(OD) at 550 nm.

3. Results and discussion

Gentamicin components C1, C1a, C2, C2a were de-
termined by using an analytical procedure (with some
modifications introduced) according to theBritish
Pharmacopoeia (1999). The applied procedure was
based on the RP-HPLC method with pre-column
derivatization with OPA and UV detection at 330 nm.
After separation by HPLC, the antibiotic was shown
to comprise four peaks corresponding to gentamicin
s
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ere analyzed directly without diluting. The genta
cin solutions after immobilization were prepared an
gously.

.5. Scanning electron microscopy (SEM)

Samples were coated with gold–palladium b
igh-resolution sputtering system Polaron SC 7
UK) and examined with a scanning electron mic
cope (Tesla BS 300, Czech Republic) at 15 kV
atellite TC software (Tescan) was used to perf
n image analysis.

.6. The antibacterial test of the Tricogel®

The antibacterial effect of gentamicin was tes
sing the following bacterial strains:E. coli ATCC
5922,P. aeruginosaATCC 27833, andS. aureu
ulphate–OPA derivatives: C1 attR = 2.30± 1.74 min
R.S.D.%,n= 10), C1a attR = 8.78± 5.12 min, C2a a
R = 12.09± 5.45 min and C2 attR = 13.84± 5.56 min.

The calibration lines plotted for all genta
cin components at 0.5–0.0125 mg/ml were
ressed by the following regression equat
y=a(±S.D.)x+b(±S.D.)]:

C1 = 0.8036(±0.0119)x + 0.0053(±0.0028)

C1a = 0.4069(±0.0053)x + 0.0015(±0.0013)

C2a = 0.1440(±0.0018)x + 0.0006(±0.0004)

C2 = 0.2464(±0.0031)x + 0.0010(±0.0007)

C1+C1a+C2a+C2 = 1.6009(±0.0219)x

+ 0.0085(±0.0051)
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Correlation coefficients were almost identical and
all greater than 0.9996. The drug composition ex-
pressed as percent of each gentamicin derivative calcu-
lated from regression equations (the slope of each line
as the percentage of the sum of the slope lines) was
found to be C1 = 50.20%, C1a = 25.42%, C2a = 9.00%,
C2 = 15.39%.

Surfaces of Tricogel® vascular grafts were modified
by glutaraldehyde in order to obtain stable covalent
binding of antibiotics. Such an activation resulted in
obtaining specific Schiff bases coupling gentamicin.
The mechanism of this coupling process is presented
in Fig. 1. It is worth noting that all free amino groups
of gentamicin may participate (play a role) in covalent
binding of this antibiotic to activated grafts.

Scanning electron micrographs of gelatine-sealed
vascular grafts without or with the antibiotic are shown
in Fig. 2A and B, respectively. Differences in the form
of the surfaces of both graft types (with or without gen-
tamicin) may suggest that protein-coated graft surfaces
were modified with the antibiotic (Fig. 2B).

The estimation of gentamicin binding to the
Tricogel® prosthesis was carried out through an in-
direct method by finding the difference in gentam-
icin concentration before and after immobilization.
The representative chromatogram is shown inFig. 3.
The percentage of drug associated with the matrix im-
mobilization yield was calculated using the formula:
[(A−B)/A] × 100, whereA andB represent the ini-
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tial and final concentrations of gentamicin compone
established using the corresponding regression e
tion. The results, summarised inTable 1, demonstrate
that the covalent binding of the examined antibiotic
the Tricogel® prosthesis is proportional to the increa
of drug concentration during immobilization. Simil
conclusions may be drawn on the basis of an ana
of plots exhibited inFig. 4. Figs. 5 and 6present the
amounts of gentamicin bound to the matrix expres
in mg or %, respectively, as a function of the drug c
centration before immobilization. It can be observ
(Fig. 5) that the significant increase of gentamicin bin
ing is correlated with an increase of the initial conc
tration of this drug (range: 0.25–10 mg/ml). Simulta
ously, the percentage of binding decreased in rela
to initial drug concentrations (Fig. 6). The further in-
crease of gentamicin concentration up to 40 mg/ml
not significantly influence the increase of the antibio
amount coupled to the prosthesis. Therefore, a gen
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Fig. 1. A hypothetical mechanism of covalent gentamicin bonding to vascular prostheses.

icin concentration of 4.7 mg/ml was selected as optimal
for drug immobilization to prosthesis, taking into ac-
count the yield of this process (35.09%), the quantity of
antibiotic bound to 1.0 g of prosthesis (approximately
9.94 mg) and microbiological analysis of such obtained
implantable material.

Moreover, the release of gentamicin from the ma-
trix was studied in order to evaluate the percentage of
physical adsorption of this compound. The amount of
the drug released from prosthesis during shaking with
PBS solution (three times for 30 min) varied from 1.03

to 3.19%. Similarly, in our earlier results concerning the
stability of bonds created between gentamicin and gel-
PET prostheses (Ginalska et al., 2004a, 2004b, 2004c),
we have found that about 3% of immobilized antibiotic
was being released from the drug-modified prosthesis
during 30 days of continuous shaking in PBS buffer.
The results, therefore, show that gelatinised vascular
grafts generally bind gentamicin in a chemical mode.
Small amounts of this drug eluted from graft surfaces
suggest that only a low percentage of the antibiotic was
bound to the biomaterial in a non-permanent, passive
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Fig. 2. Scanning electron micrographs of Tricogel® without (A) and with (B) immobilized gentamicin.

or ionic way. However, the covalent binding is the dom-
inant mode of gentamicin attachment to the prostheses.

There is some information in the available literature
on coupling of antibiotics (rifampicin, ciprofloxacin,
vancomycin, gentamicin) with matrices by ionic in-

teractions (Kinney et al., 1991; Haverich et al., 1998;
Ashton et al., 1990). Generally, the passive binding be-
tween antibiotics and biomaterials is a predominant
means of immobilization (Avramovic and Fletcher,
1991; Göeau-Brissonnìere et al., 1999). The meth-

Fig. 3. Chromatogram of the gentamicin sulphate–OPA derivatives obtained from analyses of samples before (A) and after (B) immobilization.
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Fig. 4. The determined concentration of the total amount of gentamicin before (sample A) and after (sample B) immobilization in relation to
the prepared concentrations of this antibiotic.

ods mentioned above are ineffective because antibacte-
rial protection of such biomaterials is short-lived. The
process of total elution of antibiotic from graft sur-
faces lasts 5–8 or 7–14 days in case of physical ad-
sorption or ionic binding, respectively (Avramovic and
Fletcher, 1991). The grafts preserved in this way are
fully protected against bacterial infections for up to
10 days; afterwards, the amount of the antibiotic left
on these grafts drops below MIC—minimal concentra-

tion inhibiting pathogens’ growth (Gahtan et al., 1995;
Avramovic and Fletcher, 1991; Vicaretti et al., 1998;
Belt et al., 2001; Strachan et al., 1991).

During the next stage of the experiments, the bacte-
riostatic activity of immobilized gentamicin was tested
in the presence ofE. coli, P. aeruginosa, andS. aureus
strains. These strains are responsible for infections dur-
ing post-operational treatment in hospitals (Huebner
and Golabmann, 1999; Lyczak et al., 2000; Puzova et

Fig. 5. The amount of gentamicin components bound to Tricogel® prosthesis as a function of the initial concentrations of this antibiotic.



138 Grażyna Ginalska et al. / International Journal of Pharmaceutics 288 (2005) 131–140

Fig. 6. The percentage of the sum of gentamicin forms bound to Tricogel® prosthesis as a function of the initial concentrations of this antibiotic.

al., 1994). The obtained results (Table 2) suggest that
the tested bacteria (in each infecting dose) did not grow
(during 21 days) in LB medium while shaking with
pieces of gentamicin-bound vascular grafts. Pathogen
growth was observed only when bacterial concentra-
tion was increased to 108–109 cfu/ml and only after
28 days of the experiment. In control samples (LB
medium shaken with pieces of gentamicin-soaked vas-

Table 2
Optical density measurement ofE. coli,P. aeruginosa, andS. aureus
incubated in the presence of vascular prostheses containing immobi-
lized gentamicin (9.94 mg/g prostheses) over the course of 28 days
in LB medium at 37◦C

Strain Infecting
dose (cfu)

OD at 550 nm measured at

Day 7 Day 21 Day 28

E. coli 1× 102 0 0 0
1× 104 0 0 0
4× 106 0 0 0
4× 108 0 0 0.07± 0.05

P. aeruginosa 1× 102 0 0 0
1× 104 0 0 0
4× 107 0 0 0
4× 109 0 0 0.08± 0.06

S. aureus 1× 102 0 0 0
1× 104 0 0 0
4× 106 0 0 0
4× 108 0 0 0.05± 0.01

cular grafts), a constant growth of bacteria was ob-
served.

Bactericidal or bacteriostatic activity of gentamicin-
modified vascular prostheses against tested bacterial
strains was observed in our present and earlier experi-
ments (Ginalska et al., 2004a, 2004c). This effect is dif-
ficult to explain in a view of commonly known mecha-
nism of bactericidal effect of this drug, relying on active
NH2 group’s participation. Most probably, only some
of gentamicin amino groups are engaged in creation of
covalent bonds with gelatine-sealed vascular prosthe-
sis (mostly for steric reasons). Therefore, all remaining
NH2 groups of the drug may potentially participate in
bacterial growth inhibition. Moreover, we assume that
antibacterial activity of such modified biomaterial was
possible due to mixed (covalent and passive) mode of
gentamicin immobilization. The antibiotic bound via
weak non-covalent interactions was gradually released
from prostheses. This protected the biomaterial (as
well as surrounding liquids) from bacterial infections
and prevented biofilm creation on prosthesis surface
(Ginalska et al., 2004c). Simultaneously, the gelatine
covering prostheses was being gradually hydrolysed
by bacterial proteases; therefore, the gelatine-attached
antibiotic was released to the liquid medium. On basis
of these observations we assume that in in vivo ex-
periments that effect will be enhanced by activity of
patients’ own proteases.
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4. Conclusions

To decrease the amount of vascular grafts infec-
tions, it is essential to eradicate the pathogens from the
prosthesis site, both immediately and several days af-
ter the implantation. Results of presented experiments
seem to promise a great progress in research concern-
ing the prostheses of prolonged bactericidal effect. This
is very essential because vascular prosthesis implanta-
tion causes violent inflammation, resulting in fibrob-
lasts migration towards the graft and synthesis of con-
nective tissue elements between its fibres. This reduces
the risk of infection; however, if bacteria reach the graft
before the fibroblasts, they synthesize their protective
glycoprotein layer called biofilm which allows for de-
velopment of infection. Chemical immobilization of
gentamicin on gelatine-sealed vascular prostheses en-
abled the antibiotic to remain on matrix for at least 30
days. This period seems to be sufficient to avoid the
biofilm creation and thus reduce the frequency of in-
fections after vascular graft implantation.

For application, the antibiotic-modified biomaterial
requires further experimental and clinical investiga-
tions.
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