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Abstract

Due to its biocompatibility and well-established safety profile, collagen represents a favourable matrix for on-site drug

delivery. In this review, we summarize some of the recent developments and applications of collagen as a biomaterial in drug

delivery systems for antibiotics, especially gentamicin. The main clinical and experimental applications covered include:

treatment and prophylaxis of bone and soft tissue infections, wound healing, as well as ophthalmic and periodontal treatment.

Advantages of local drug application and the rationale of use local drug delivery systems for adjuvant (ancillary) therapy are

discussed. Recent efforts in the use of collagen and collagen-synthetic polymer composites for controlled drug delivery as well

as collagen-based diffusion membranes for prolonged drug release have also been included in this review.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Collagen is of particular interest as a natural poly-

mer for drug delivery since it is a major natural

constituent of connective tissue and a major structural

protein of any organ. Collagen is unique in its different

levels of structural order: primary, secondary, tertiary

and quaternary. In vivo, collagen molecules form

fibers having a specific internal and structural orien-

tation and strengthened together by two types of

covalent cross-linking: intramolecular and intermolec-

ular [1]. Intermolecular cross-linking is essential to

form macromolecular fibers and, consequently, for its

mechanical stability and other physical characteristics

[2–4]. Biomaterials made of collagen offer several

advantages: they are biocompatible and non-toxic and

have well-documented structural, physical, chemical,

biological and immunological properties [5–7]. Addi-

tionally, drug release kinetics can be influenced by

modification of the matrix characteristics (porosity,

density) or by different chemical treatment regimes

affecting its degradation rate (see [2]).

It is important to define the term collagen before

discussing its potential delivery matrix properties.

Unfortunately, the term collagen is not consistently

used in the literature. In many publications gelatin, a

thermally degraded collagen-derived product which

has lost many properties of ‘‘real collagen’’ is also

named ‘‘collagen’’. The current main sources of col-

lagen are animal skin, mostly bovine or porcine, or

Achilles tendons, mostly bovine or equine. It has to be

stressed that collagen properties, i.e. mechanical

strength, fluid absorption volume or haemostatic ac-

tivity differ depending on the animal source and

anatomical location of the raw material. In case of

Achilles tendons, this organ consists mostly of colla-

gen type-I (approx. 96%) and collagen type-III

(approx. 3%) and some other proteins as, e.g. fibro-

nectin or glycosaminoglycans. After extraction and

purification, the Achilles tendon-derived collagen con-

sists almost exclusively of collagen type-I. Depending

on preparation and purification technology, skin-de-

rived collagen type I material may contain remainders

of fibronectin, elastin, glycosaminoglycans, neural and

vascular components and different other collagen

types (e.g. III, IV, VII). Additionally, collagen-based

products are manufactured either from a ‘‘native’’, so-

called insoluble collagen (not enzymatically digested,
degraded or dissoluted collagen consisting of intact

fibers in which primary through tertiary structural

order has been preserved) or from soluble collagen

which has been digested, degraded and dissoluted at

extreme pH values or with enzymes leading to partial

or complete removal of higher order fibril structures.

Consequently, a higher-order in vivo-like structural

order may or may not be achieved industrially.

Finally, different in vitro and in vivo behavior

including drug release profiles may be obtained if

the collagen product has been cross-linked additionally

[8–10]. Furthermore, a sterilization process may ad-

ditionally influence the material properties [10]. The

diversity of collagen products described in the litera-

ture and used as drug delivery systems, e.g. as pow-

ders, liquids, solid compressed masses, membranes or

sponges of different porosity and of different collagen

content, may lead to misinterpretation of study results,

mostly in terms of mechanical, biological and drug

delivery properties.

In this review, the current progress in the use of

collagen sponges for delivery of antibacterial drugs

will be discussed especially from the perspective of

marketed products. In parts of this paper in which our

own scientific, product development and manufactur-

ing experience will be discussed, the term collagen

describes a highly purified, bovine or equine Achilles

tendon-derived, native, fibrillar, insoluble type-I col-

lagen without any additional cross-linking.

1.1. Rationale for local antibiotic delivery

Despite a reduction in the risk of contamination due

to improved material, implant, and clean room tech-

nique as well as preoperative antibiotic prophylaxis,

infections still remain a feared complication in ortho-

pedic and traumatic surgery [11]. In many surgical

disciplines, topical administration of antibacterial drug

is not possible or practicable, and achieving of a

sufficient antibacterial dose by systemic delivery

may lead to adverse reactions negatively influencing

overall patient’s conditions. Especially the use of

specific antibiotics may be limited by their high

cumulative cell and organ toxicity. Moreover, insuffi-

ciency in local blood supply due to post-traumatic or

post-operative tissue damage as well as inadequate

tissue penetration or bacterial resistance increase the

local ineffectiveness of systemic antibiotic therapy,
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both in terms of preventive or curative drug adminis-

tration [12]. This dilemma can be resolved by local

delivery of antibiotics which ideally show: a low

allergization quota, stability at body temperature, tis-

sue compatibility, bactericidal activity, a low rate of

bacterial resistance, broad spectrum activity, a low-

resorption rate, no interference with wound healing

and chemical stability in the presence of biological

material such as pus or fibrin [13]. Local delivery has

been established successfully in the clinics specifically

for aminoglycosides like gentamicin [14–16] and

tobramycin [17–20] but has also been studied with

minocycline [21], tetracycline [22], teicoplanin [23] or

sulbactam-cefoperazone [24]. Especially gentamicin

fulfills the abovementioned requirements for potential

local application for the most part. Gentamicin exhibits

bactericidal activity against a broad spectrum of micro-

organisms including clinically critical microbes such

as Pseudomonas aeruginosa, Staphylococcus aureus,

Proteus species, and Enterobacteriaceae. Therefore,

serious infections such as meningitis, endocarditis,

pneumonia, or osteomyelitis caused by gram-negative

pathogens are treated by parenteral application of

gentamicin, frequently in combination with other anti-

biotics [25]. Gentamicin represents a chemical mixture

with 16 different molecules having been identified

[26]. The major components are based on the amino-

cyclitol 2-deoxystreptamine with two additional amino

sugars (Fig. 1). Gentamicin sulfate is characterized by

high solubility in water (>1 g/ml) but low solubility in

organic solvents (0.678 mg/ml in chloroform, 0.2 mg/

ml in methanol, 0.04 mg/ml in acetone) [27]. Because

of its polar nature, the oral resorption rate and the

tissue penetration of gentamicin are poor and it is
Fig. 1. Structural formula of t
largely excluded from most cells [25]. Consequently,

tissue concentrations are lower than the corresponding

plasma levels [28]. High-tissue concentrations are only

found in the renal cortex and in the endolymph and

perilymph of the inner ear [29]. The incidence of

nephro- and ototoxicity has been attributed to this

accumulation [30]. Gentamicin was approved by the

FDA in 1966. Against gram-negative aerobic rods,

aminoglycosides exhibit ‘‘concentration-dependent

killing’’ and a ‘‘post-antibiotic effect’’ (PAE). ‘‘Con-

centration-dependent killing’’ describes the principle

that bactericidal effects increase as the concentration

increases. PAE reflects the suppression of bacterial

growth continues after the antibiotic concentration

falls below the bacterial MIC. The post-antibiotic

effect can be bacteria specific, as well as drug specific

[31]. The PAE of aminoglycosides is short for most

gram-positive organisms ( < 2 h) and longer for gram-

negative organisms (2–7 h), such as Escherichia coli,

K. pneumoniae, and Ps. aeruginosa. Both of these

phenomena are being exploited in designing dosage

regimens that employ higher doses administered at

longer intervals [31].

Approximately 30 to 60 min after intramuscular

injection, peak concentrations in plasma of approxi-

mately 2 to 4 mg/l are reached. The therapeutic level

ranges from 4 to 12 mg/l. Although it has not been yet

established exactly what plasma concentration is toxic,

careful drug monitoring is strongly recommended with

an upper limit of 10–12 mg/l and a lower limit of

approximately 2 mg/l (t1/2 plasma f 2 h) [29]. Based on

an intravenous injection or infusion every 8 h (3� 1 to

2 mg/kg per day), the serum concentration in the

middle of the application interval is used to discrim-
he gentamicin complex.
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inate microorganisms for their susceptibility to genta-

micin [32]. Accordingly, microbes with a minimal

inhibitory concentration (MIC) smaller or equal to that

concentration at either low dose therapy - called the

break point [33] - of 1 mg/l or at maximum dose

therapy of 4 mg/l are considered ‘‘sensitive’’ or ‘‘mod-

erately sensitive’’, respectively [13]. Microorganisms

with a MIC higher than 4 mg/l are rated resistant. A

study testing more than 250,000 isolates from patients

showed that the number of resistant microbes was up

to 6% for Enterobacteriaceae, 10% for S. aureus and

Ps. aeruginosa, 20% for coagulase-negative Staphy-

lococci and 90% for Escherichia faecalis [16]. The

corresponding MIC for gentamicin-resistant samples

was analyzed, and collectively, 62% of the resistant

isolates were inhibited by 16 mg/l gentamicin whereas

5% were resistant to even 64 mg/l. Gentamicin is

active against Enterobacteriaceae organisms including

E. coli, Proteus, Klebsiella, Serratia, Enterobacter,

and Citrobacter. In general, Ps. aeruginosa is usually

sensitive to gentamicin, although considerable vari-

ability in its susceptibility exists. Other pseudomonal

species also may be susceptible but are usually less so

than Ps. aeruginosa. S. aureus as well as many strains

of Streptococcus are sensitive [34]. The main mecha-

nism of resistance to gentamicin is inactivation of the

aminoglycoside by bacterial enzymes [29]. As could

be shown, there is a rather high number of patients

with at least partial resistance [16]. Secluded foci of

infection are difficult to treat systemically with genta-

micin due to the extremely low concentrations in this

tissue of low blood supply and the limitation of the

gentamicin plasma levels by its vestibular, cochlear,

and renal toxicity.

1.2. Carrier materials for local antibiotic delivery

The consequent need for local drug delivery has

been recognized since many years. During the last

decades, different forms of local drug delivery have

been used. The most common and simple way was to

spread the drug in a powder form over the wound area

after an extensive debridement and before wound

closure [35]. Consequently, high local concentrations

for a short period of time are achieved which poten-

tially result in tissue damage. Another approach was

to applied drugs in liquid form by injection or

irrigation or, to extend the effectiveness by continuous
perfusion. However, this method is labor intensive

and requires experienced nursing staff to avoid leak-

age and drain blockage. Furthermore, the use of

implantable pumps which can be refilled percutane-

ously is described [36]. An additional method used

was to soak the cotton gauze or linen operative

material with the drug and leave it in the wound until

the final closure. This procedure is still in use in many

countries to minimize the post-operative risk of infec-

tion, e.g. in dirty abdominal wounds or in trauma

patients.

The first step to standardized commercially avail-

able antibiotic delivery systems has been made early

1970s. Buchholz and Engelbrecht [37] reported a

technique of local antibacterial therapy in treatment

of bone infection. The concept involved the prophy-

lactic placement of antibiotic-impregnated beads

made from polymethylmethacrylate (PMMA) bone

cement into the bone cavity. Addition of macrolide

antibiotics especially gentamicin to acrylic cement

allows for sustained postsurgical anti-infectious treat-

ment. However, the compression strength of cement

can be affected by added antibiotic [38,39]. Drug

release is typically extended for periods of weeks to

months and incomplete [40–42]. Bunetel et al. [43]

demonstrated a biphasic release with primary half-

lives of 2.7 h in drainage fluid and 7.16 h in urine and

secondary half-lives of 13.5 and 47.12 h, respectively.

The exothermic nature of the curing process of the

cement assisted the antimicrobial effect of the antibi-

otic. Besides the factors mentioned previously (see

Section 1.1), the selection of the antibiotic agents

suitable for use in PMMA bone cement was restricted

by (i) adequate water solubility to permit diffusion of

the antibiotic from the cement, (ii) short-term heat

stability at temperatures up to 100 jC which occur

frequently when the powdered polymer catalyst is

mixed with the liquid monomer to form the bone

cement and (iii) a bactericidal effect at low doses in

order to avoid any adverse effect of higher drug

loading on the mechanical properties of the bone

cement. This initial use of antibiotic-impregnated

bone cement in the treatment of osteomyelitis was

very successful with relatively few disadvantages, as

follows. First, the use of cement blocks inhibited

drainage of secretions from the debridement area.

Secondly, the same cement was also very difficult to

remove if redebridement was necessary.



ARTICLE IN PRESS

Fig. 2. Gentamicin release in vitro from PMMA beads (SeptopalR)
(modified from Ref. [50]).
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To overcome these drawbacks, a system with

antibiotic-impregnated cement beads strung on steel

surgical wire has been developed. These bead chains

were flexible and were impregnated with gentamicin.

The antibiotic beads were designed to treat localized

infections residing in bone and soft tissues [44–46].

In the following years, gentamicin-impregnated

PMMA beads have been commercialized in Europe

under the trade name SeptopalR. The product has not
been approved in the US. Based on this development,

many US surgical and orthopedic centers started to

prepare their own bone cement beads containing

tobramycin, another FDA-approved aminoglycoside,

to support systemically given drug by local adminis-

tration. These homemade beads are now a non-

approved standard in local drug delivery in trauma,

orthopedics and soft tissue infections [47,48]. The

most substantial disadvantage of these bead systems

is the need to remove the beads after the infection

has been treated. This removal surgery is usually

more difficult than the implantation because of local

tissue scaring and adhesion and may lead to postop-

erative infection due to both the patient local and

systemic condition. In addition, the second procedure

poses the risk of additional pain, anaesthetic compli-

cations, and inferring extra costs. Recently, a Dutch

group of scientists has found that despite of antibiotic

release, beads act as a biomaterial surface at which

bacteria preferentially adhere, grow and potentially

develop antibiotic resistance [49]. Extensive culture

procedures indicated the presence of bacteria on

gentamicin-loaded beads in 18 of the 20 patients.

Nineteen of twenty-eight bacterial strains isolated

were gentamicin resistant and cultures from three

patients yielded highly gentamicin-resistant sub-pop-

ulations. In vitro release tests under sink-conditions

revealed that gentamicin liberation from PMMA

beads increased steadily for several weeks (Fig. 2)

[50]. In vivo, PMMA beads slowly liberate gentami-

cin resulting in exudate levels of approximately 30

mg/l within the first day postoperatively and provide

local concentrations of approximately 5 mg/l for

several weeks [51,52]. These levels are well above

the concentrations necessary to inhibit sensitive and

moderately sensitive ethiologically important patho-

gens, whereas resistant microbes may not be affected.

The effect in tissue approximately 1–2 mm away

from the implant, where the concentration will be
much lower, is still unclear [13]. Following implan-

tation of PMMA beads, recurrence of infection most

likely occurs within the first 2 weeks after surgery

[53].

Inorganic materials like calcium sulfate or calcium

phosphate both as particles and cements can be utilized

to delivery antibiotics at bony sites for a few weeks’

periods as well [18,54,55]. The addition of an antibi-

otic to cement may negatively affect their consistency

and porosity [55,56]. Carriers based on biodegradable,

synthetic polymers like polylactic acid, polyglycolic–

polylactic acid, poly(ortho esters), polyhydroxybuty-

rate–co-hydroxyvalerate have only been tested in a

few studies. The systems studied were either mono-

lithic implants [50,57] or microparticulate [58,59]. One

of the most advanced biodegradable synthetic systems

is SeptacinR, a polyanhydride implant containing

gentamicin sulfate for osteomyelitis treatment. The

system has recently been reviewed by Li et al. [60].

Polymer-drug pellets are prepared by extrusion, pel-

letizing and injection molding and g-irradiation. In

vitro and in vivo release sustains for approximately 4

weeks. A similar gentamicin containing local delivery

system has been described by Yang et al. [61]. The

authors used poly(oleic/linoleic acid dimmer: sebacic

acid (PolyOAD/LOAD:SA) loaded with 20% of gen-

tamicin to form implantable beads. In an in vitro

dissolution study, the gentamicin concentration peak

was found on day 2. The concentrations slowly de-

creased and considerable amounts of gentamicin were

still released on day 50. From day 2 to day 50, the
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gentamicin concentration in the releasing fluids was

from 59- to 42128-fold and 1.8 to 1314-fold of the

MIC for S. aureus and E. coli, respectively. Further-

more, hydrogel-type systems based on fibrin glue or

calcium alginate have been tested in vivo and increased

local antibiotic levels and activity could be demon-

strated [15,62–64]. Another recently introduced mod-

el describes gentamicin coating of metal implants as a

way to reduce postoperative complications [65]. In this

animal study, 10% gentamicin-loaded poly(D,L-lac-

tide) (PDLLA) coating of orthopedic devices have

been tested in preventing implant-related bacterial

osteomyelitis. Bacteriological and radiological as well

as histological signs of infection were significantly

reduced in the gentamicin-coated group compared to

controls.

In the early 1980s, another commercial drug deliv-

ery system for antibiotics has been developed. This

system utilized a collagen sponge matrix as a carrier

for gentamicin and has two main advantages: (i) it

leads to a very high local drug level without achieving

systemic drug concentration, and (ii) is fully biocom-

patible and biodegradable which eliminates the need of

secondary surgery to remove a carrier. In the following

sections, this paper will subsequently provide a sys-

tematic review of collagen as a drug carrier for anti-

infective drug mostly in trauma, orthopedics, soft

tissue infection, dirty abdominal surgery and wound

healing.
2. Collagen carriers for local delivery of

antibacterial drugs

2.1. Drug release characteristics from collagen

matrices and clinical experience in wound healing

For local antibiotic delivery, the goal should be able

to maintain the highest possible, but not toxic, local

drug concentration without achieving systemic effects.

This can be achieved by physical and possibly also

chemical incorporation of the drug into a collagen

matrix in the course of the manufacturing process to

assure drug immobilization. Drugs may be complexed

to collagen through direct binding of the drug to free

amino or carboxylic groups of the collagen molecule

[5]. Drug release occurs by diffusion from a collagen

matrix implanted or injected as such or polymerized
after intra-tissue injection [5,6,16]. For example, a

tetracycline solution injected subcutaneously reached

a maximum serum concentration after 3 h which

slowly decreased within the next 20 h. When the same

amount of tetracycline solution was soaked into a

collagen sponge and inserted into a natural body

cavity, the drug release was detected over a period of

14 days resulting in a relatively constant serum con-

centration of the drug [5].

This approach forms the principle of a currently

marketed collagen-based product designed for on-site

delivery of gentamicin. This product has been primarily

approved and marketed in Europe and is now available

also in many different counties worldwide (manufac-

turer: Innocoll, Saal/Donau, Germany, distributors: i.e.

SulmycinR-Implant, GaracolR, GentacollR, Gara-

mycinR-Schwamm, CollatampR-G, CollatampR-EG,
etc., Schering-Plough (USA) and its local subsidiaries

or CollatampR-G, CollatampR-EG, Syntacoll (Swit-
zerland)). The matrix which delivers the drug is a

biocompatible and locally re-modelable, partially

close-porous sponge in which the drug is incorporated.

The design of the sponge and the drug incorporation by

colyophilization allow a uniform distribution of the

drug within the spongy matrix and assure an equal drug

dose applied per square centimeter of the treated

surface (Fig. 3). Pore size of collagen sponges can be

adapted by the lyophilization process [66]. The colla-

gen usedmay be of either bovine or equine origin and is

isolated from Achilles tendons. Collagen sponges used

for the local gentamicin delivery of antibiotics have

been designed to assure a specific drug kinetic and

prevent potential development of resistance. The

unique character of the collagen matrix provides five

major advantages: (a) partial open porosity for quick

release of the drug after implantation into the tissue, (b)

partial close porosity for ‘‘secondary’’ release of the

drug enclosed within pores, (c) ‘‘tertiary’’ release of the

drug partially immobilized within the fibrillar collagen

structure, (d) a three-dimensional structure which

works as a ‘‘natural’’ distance barrier between the drug

incorporated into the sponge and the surrounding

environment and (e) a network which enhances cell

penetration and new tissue formation. Consequently,

the collagen matrix provides both rapid and prolonged

gentamicin release.

Pharmacokinetic data collected from over 1500

patients with either soft tissue-related or bone-related
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Fig. 3. Commercially available collagen–gentamicin sponge (200 mg gentamicin sulfate and 280 mg highly purified native fibrillar collagen).
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infections demonstrate that surgical implantation of 1

to 5 gentamicin–collagen sponges which corresponds

to a drug dose (gentamicin sulfate) of 200 to 1000 mg

(depending on wound size, by always constant drug

amount applied per square centimeter of wound area)

which generated very high concentrations of gentami-

cin (170–9000 Ag/ml) in the local tissue (depending of

a local tissue vascularization level and anatomical

localization). These levels of antibiotic, which are

achieved within 24 h following implantation of the

sponges into the surgically debrided site, are well

above the established MIC for gentamicin-sensitive

or low-sensitive organisms (4 and 8 Ag/ml, respective-

ly). At the same time, systemic levels of gentamicin

remained well below the established toxicity thresh-

olds of 10–12 Ag/ml for peak values and fell below 2

Ag/ml by 24 h for all patients evaluated. An example of

the in vitro and in vivo release profile of the product is

shown in Fig. 4a and b. In vitro, the aminoglycoside is

rapidly release due to fast dissolution from the porous

matrix and liquid exchange with the incubation medi-

um. The sustained in vivo release profile should assure

total eradication of pathogenic bacteria from the wound

area by wound surface and volume-related manner

[67–69]. This release kinetic cannot be achieved using

local drug injection or powder spreading or drug

loaded polymer beads. Despite the high local drug

concentration after in vivo administration of colla-

gen–gentamicin sponges, significant or therapeutic
serum gentamicin levels are not reached (Fig. 4c).

Consequently, systemic side effects or cumulative

effects with collagen–gentamicin implants have not

been reported for more than 1 million patients treated.

The efficacy of the gentamicin–collagen sponge in the

treatment and prevention of soft tissue-related infec-

tions is supported by data from 661 patients who

received treatment with the gentamicin–collagen

sponge primarily for intra-abdominal-related surgeries

or wound infections following surgical procedures or

traumatic events. Approximately, 40% of these patients

had clean-contaminated or contaminated surgical pro-

cedures. In the majority of cases, one to three sponges

(corresponding to 200 to 600 mg of gentamicin sulfate,

2.0 mg/cm2 of the sponge) were used. The combined

results of the randomized, controlled studies in these

patient populations yielded a positive outcome in favor

of the gentamicin–collagen sponge: 95.6% compared

with 72.5% of patients healed by either primary inten-

tion or without evidence of post-operative infection.

Additionally, two controlled, parallel-group studies

showed a reduction in duration of hospital stay by

15% and 22%, respectively, when collagen–gentami-

cin sponges ware used to support standard therapy.

Frequently, soaking of collagen sponges with anti-

bacterial drug containing solution is described [70,71].

However, there is a significant difference whether the

drug is immobilized in a collagen matrix by immersion

before use, by immersion and subsequent drying or by
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Fig. 4. (a) In vitro drug release profile from one collagen–gentamicin sponge (200 mg gentamicin sulfate and 280 mg collagen) collected by

standard EP/USP dissolution method; (b) local concentration of gentamicin in soft tissue (after implantation of 3 units of SulmycinR-Implant,

total dose of 600 mg gentamicin sulfate), and (c) serum concentrations after implantation of three collagen–gentamicin sponges (SulmycinR—
Implant, total dose of 600 mg gentamicin sulfate) into postoperative abdominal wound.

Z. Ruszczak, W. Friess / Advanced Drug Delivery Reviews xx (2003) xxx–xxx8
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incorporation of the drug into collagen dispersion

during the manufacturing process of a sponge or a

membrane. A comparison study of five different anti-

biotics (gentamicin sulfate, cefotaxim, fusidic acid,

clindamicin, and vancomycin) ‘‘immobilized’’ in a

pre-prepared collagen sponge by soaking demonstrated

that drug was released completely within mostly 3–4

days if tested in adapted dissolution test [70]. Only in

case of gentamicin sulfate that dissolution continued up

to day 7 and retained appropriate bacterial grow inhi-

bition, regardless of what preparation was used (im-

mersed in antibiotic solution or lyophilized sponge).

This specific release of gentamicin cannot only be

attributed to an ionic interaction between the amino

groups of the gentamicin and the carboxyl groups of the

collagen, since the same interaction occurs also in the

case of clindamycin and cefotaxime. Both drugs had,

however, much shorter release time of only 1 day. This

binding of gentamicin sulfate to collagen fibers

requires further investigation [70].

Another way to achieve prolonged release of the

drug has been demonstrated by a product utilizing

chemically modified antibiotics to decrease its water

solubility and—consequently—to prolong its local

bioavailability. Recently, a medical device (Septo-

collR, Merck Biomet, Berlin, Germany) ancillary uti-

lizing two gentamicin salts, sulfate (high solubility) and

crobefat (low solubility) to protect collagen hemostatic

sponge from potential infection has been approved in

Europe. In this combination, gentamicin sulfate is

released over a few hours while gentamicin crobefat

remains in place over days [72].

2.2. Clinical experiences in the use of collagen for

local antibiotic delivery in ophthalmology

The need to prolong the presence of the drug in the

tear pool has been recognized since many years.

Diverse systems have been proposed to prevent quick

wash out of the drug. Some authors evaluated the

therapeutic effect of soft contact lenses on antibiotic

delivery to the cornea [73,74]. Later in 1980, collagen

shields have been introduced as a drug delivery system

for ophthalmic applicable antibiotics. The drugs of

choice were gentamicin, widely used for treatment of

ocular infections, as well as vancomycin. Collagen

corneal shields, dry contact lens-shaped films have

been immersed with gentamicin or vancomycin solu-
tion, respectively. Additionally, a mixture of gentami-

cin and vancomycin has been used [75]. Experiments

performed both in vitro and in rabbits demonstrated,

that presoaked collagen shields released the majority

of gentamicin within the first 30 min, while vancomi-

cyn was released gradually over 6 h. In vivo, this

release time was longer and the local drug concentra-

tion higher securing the drug dose well above the

therapeutic range. Negative, in particular, cell toxic

side effects of the drug to rabbit eye have not been

found. All of these characteristics in combination with

the potential for improvement of patient comfort

during treatment (i.e. for bacterial keratitis) make the

collagen shields an attractive modality for drug deliv-

ery. Additionally to drug release, collagen corneal

shields have been previously found to speed up epi-

thelial cell differentiation and reduce stromal swelling

in corneal wounding studies or in human studies after

cataract surgery [76–78].

Untermann et al. [79] demonstrated that tobramy-

cin was released within 72 h. Collagen shields im-

mersed in two drug concentrations produced

significantly higher (200 mg/ml) or higher (40 mg/

ml) concentration of antibiotic in the cornea than

subconjunctivally injected drug. However, drug-relat-

ed toxic side effects have been observed in the high-

concentration group. Local distribution of the drug

was found to be more reproducible and uniform. Also

in this study, a positive effect of collagen on corneal

wound healing has been described. Less promising

results have been reported if similarly gentamicin-

soaked collagen shields have been used [80]. The

authors concluded that only a fortified topical genta-

micin application pathway lead to therapeutic drug

concentration in the aqueous.

In another study, discussing the role of corneal

collagen shields as a drug delivery device for treat-

ment of bacterial keratitis, gentamicin eye drops

(13.6 mg/ml) and collagen ocular shields soaked with

13.6 mg/ml gentamicin solution for 5 min have been

analyzed [81]. It was found that the single use of

gentamicin-soaked collagen shields does not improve

the treatment if compared to topical delivery of

fortified antibiotic concentrations by drops every 30

min over 24 h. However, if a combination of colla-

gen shield (pre-soaked and not pre-soaked with the

drug) with a continuous administration of gentamicin

eye drops has been used, bacterial eradication was
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significantly more effective than in the group treated

with the standard gentamicin drops administration

alone. Collagen corneal shields discussed above have

been approved by FDA as medical device class-I and

listed in the year 2000. Despite many positive

impulses coming from different animal studies and

from studies combining ophthalmic drug and anti-

inflammatory agents [82,83], collagen ocular shields

containing drugs were never been further developed

and approved as a product for treatment of ophthalmic

infections.

2.3. Clinical experiences in the use of collagen for

local antibiotic delivery in odontology

At the end of 1980s, collagen-derived matrices

containing tetracycline have been proposed for treat-

ment of periodontal disease. The matrices have been

prepared by mixing 1% of bovine collagen solution

with either 5 or 10 mg/ml of pulverized tetracycline,

placing into plastic molds and air-drying or freeze-

drying. Subsequently, collagen membranes have been

chemically cross-linked by immersion with 2% glu-

taraldehyde [84]. It was found that the degree of drug

release could be partially controlled by the collagen

concentration in the matrix and the time of the cross-

linking process. If compared to other applications (e.g.

intra-pocket drop application), tetracycline immobi-

lized in glutaraldehyde cross-linked collagen matrix

released much slower. A therapeutic dose of the drug

was present in the pocket for up to 10 days. In patients

treated with collagen–tetracycline composites for a 4-

week time period in 1-week intervals, microbiological

studies demonstrated that bacterial eradication was

much more effective and bleeding index improved

[85]. The clinical effects of a single application of a

5% metronidazole collagen device in periodontal

pockets deeper than 5 mm can be improved in asso-

ciation with debridement and without re-enforcement

of home care and hygiene as practiced by the patient at

any time [86].

Recently, PerioChipR has been developed in Israel

and approved both in US and Europe. PerioChipR is a

small chip, rounded at one end, for insertion into the

periodontal pocket to support the standard therapy of

adult parodontitis. PerioChipR is composed of 2.5 mg

of chlorhexidine-D-gluconate in a non-porous biode-

gradable matrix of hydrolyzed gelatin cross-linked
with glutaraldehyde. The product releases chlorhex-

idine subgingivally before and as the chip degrades

over a total period of up to 7–10 days. The mean

concentration of chlorhexidine in the gingival crevic-

ular fluid (GCF) was 2007 Ag/ml at 2 h and remained

in the range of 1400–1900 Ag/ml for the next 70 h [87].

Chlorhexidine remained at clinically effective levels

(MIC 125 Ag/ml) in the GCF of the periodontal

pockets for over 1 week without detectable systemic

absorption. PerioChipR is completely degraded by

enzymes within 7 to 10 days and does not need to be

removed. It has been demonstrated that PerioChipR
used as an adjuvant to the classical surgical root

cleaning (SRP) enhance the reduction of pocket depth

by approx. 0.4 mm within 6 months if compare to SRP

alone [87,88].

2.4. Diffusion restricted collagen sponge matrices

Many efforts have been made to sustain antibiotic

release from collagen systems and to obtain the fol-

lowing theoretical drug release characteristic: quick

release in the initial phase following implantation into

the tissue followed by a possibly constant and high

level over a defined time period (e.g. up to 7 days) and

a short end phase in which the drug level rapidly drops

(Fig. 5). It is still under discussion if such prolonged

‘‘Minivan-like’’ release model has advantages over the

currently used products such as collagen gentamicin

sponges containing either gentamicin sulfate or com-

bination of gentamicin salts (see above). Additionally,

the activity area of the drug released from the product

should be restricted to the place of application and,

possibly, to adjacent tissue, but the drug should not be

available systemically.

Current known ways to change local kinetics in on-

site drug delivery using collagen-based matrices are:

(a) increasing collagen content (up to 30%) to make

the matrix more dense and less permeable [89], (b)

cross-linking the matrix to make it less permeable and

longer standing [8,9,84], (c) changing drug molecule

to make the drug less (water) soluble [72,90], (d)

using diffusion restrictors in order to prolong the

diffusion distance or to create a diffusion barrier

[91], and (e) combination with other polymers, e.g.

coating the collagen sponge containing the antibiotic

additionally with resorbable poly(a-hydroxy acid)

[92] or addition of anionic polymers such as alginic
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Fig. 5. A model proposed for an optimal in vivo antibiotic delivery profile (‘‘minivan-like’’ release curve) based on quick initial release assuring

high on-site level that remains constant over a period of approximately 7 days and final quick dose reduction.
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acid or pectin [93] (see also Section 2.5). The diffu-

sion restriction approach will be discussed further in

detail in this section.

Diffusion restrictors (barriers or multilayer design)

without changing the basic biological parameters of

the collagen carrier appear to be a promising approach

since chemical modifications of collagen or the drug

can be avoided. Advanced technologies in manufac-

turing of collagen-based implants allow to create

novel collagen-based materials, e.g. leather-like col-

lagen sheets of different strength, collagen ‘‘pockets’’

[94], or ‘‘pillows or tortellini-like’’ and collagen

‘‘sandwich’’-like structures of different permeability

and porosity as well as collagen tubes and channels

with or without lumen (Fig. 6) [95]. The technology

allows manufacturing of collagen matrices having not

only different porosity and permeability, but also

different wetting time, fluid absorption and drug

release characteristics.

Preliminary data collected with novel collagen

matrix preparations demonstrated that depending on

the basic collagen content, the way of manufacturing

and applied combination of different matrix variants,

different drug release characteristic may be achieved

[95]. For example, variation of compression pressure

at identical temperature and compression time leads

to different release profiles (Fig. 7). It is important to

stress that the use of thermal compression at high

temperature and high pressure does not negatively
influence collagen nativity and main biological func-

tions (e.g. platelets docking capacity, cell growth in

vitro). As an alternative, a release restriction barrier

in form of a collagen pillow cover can be applied to

coat a gentamicin–collagen sponge core. The drug

release profile is changed significantly and an almost

linear release profile could be achieved (Fig. 8). This

unique technology has been applied recently for

development of a novel family of collagen-based

matrices allowing specific drug release kinetic. An-

other possibility is to prepare collagen membranes

which during fluid absorption may expand into a

sponge-like, three-dimensional structure [91]. Such

matrix can be used to incorporate drug components

which are sensitive to final sterilization, since it may

be pre-fabricated, loaded and finally manufactured

under sterile conditions.

2.5. Collagen/PLGA composite

Gentamicin release from a porous collagen sponge

is completed in vitro within 1 h and in vivo at well-

perfused sites within 1 to 4 days [10,14,96,97].

Therefore, in accordance with Ipsen and Wachol-

Drewek, an implantable, biodegradable drug delivery

system based on collagen was developed providing

an initial antibiotic dose followed by a sustained

drug delivery of gentamicin within 1 week [70,98].

The device was based on biodegradable poly(lac-
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Fig. 6. (a) New highly absorbing collagen matrix developed for drug immobilization. Preparation by thermal compression, initial thickness of

0.03 mm. A ‘‘spontaneous’’ soaking of drug solution within 3 s (5.0� 8.0 cm); (b) collagen tubes; (c) a collagen-based construct containing

both highly absorbing part (core) and low-absorbing part. Each of the parts can contain either in-process immobilized or secondary immobilized

drug component (with permission from Refs. [91,95]).
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Fig. 7. In vitro drug release kinetic obtained from three different collagen-gentamicin constructs (containing identical drug dose, 200 mg each)

manufactured by different compression parameters. Type-I–10.0 kg/cm2, Type-II–2.5 kg/cm2, Type-4�50–2.5 kg/cm2. (according to Ref.

[95], modified).
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tide–co-glycolide) (PLGA) microparticles which

were combined with collagen in order to achieve

their fixation in an implantable drug delivery system

presenting the favourable effect of collagen on

wound healing.
Fig. 8. In vitro drug release kinetic obtained from three different collagen-

manufactured by thermal compression (identical pressure, time and tempe

collagen. Type-1�200–collagen/gentamicin sponge covered by one diffu

mg) covered by one diffusion barrier; Type 4�50– four collagen/gentamic

Ref. [95], modified)
Preparation of the microparticles was carried out

applying a W/O/W double emulsion technique [99].

An aqueous solution of the antibiotic was mixed with

the organic polymer solution and subsequently trans-

ferred into a second aqueous phase. After hardening,
gentamicin constructs (containing identical drug dose, 200 mg each)

rature) using additional barrier (release restrictor) made of a plane

sion barrier; Type-2�100– two collagen/gentamicin sponges (a 100

in sponges (a 50 mg) covered by one diffusion barrier. (according to
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Fig. 10. Microparticle loss from collagen sponge/PLGA micro-

particles composite in PBS: composites prepared at a freezing rate

of 5 jC/h (a) and 20 jC/h (b) at 0.56%/22 jC (E), 1%/22 jC (D),

0.56%/40 jC (n), 1%/40 jC (5) collagen concentration/suspension

temperature (modified from Ref. [103]).
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while stirred, the particles were separated and freeze

dried. This process ensured 15% loading of the

particles with gentamicin to allow for combination

of 5 mg microparticles (containing 0.75 mg gentami-

cin) with an aqueous preparation containing 1 mg

collagen dispersed and 0.75 mg gentamicin dissolved

which is lyophilized to yield a homogeneous collagen/

PLGA microparticles implant [100]. A 50:50 polymer

mixtures of RG 503 and RG 502H yielded the desired

release profile over 1 week. The release of gentamicin

was connected with a decrease in polymer molecular

weight and glass transition temperature until a struc-

tural breakdown of the particles reaching a critical

molecular weight of 15,000 Da occurred [100–102].

At the same time, the water content increased and

reached its maximum after 3 days. Consequently, the

release of gentamicin from 50/50 RG 503/RG 502H

microparticles was completed after 7 days. Different

concentrations, pH values and temperatures of the

collagen dispersion were tested rheologically, micro-

scopically and spectroscopically to optimize process-

ing of the composite including avoidance of particle

sedimentation (Fig. 9) and particle loss upon incuba-

tion in liquid (Fig. 10) [103,104]. The final composite

was prepared using a 1% collagen dispersion, pH 4.5

at room temperature (Fig. 11a, b).

The collagen/PLGA microparticles dispersion with

additional free gentamicin for an initial burst was

lyophilized to obtain an implant with microparticles
Fig. 9. Sedimentation of PLGA microparticles in collagen

dispersions pH 4.5:0.1% at 22 jC (n), 0.56% at 22 jC (.) and
0.56% at 40 jC (E) (with permission from Ref. [104]).
embedded homogeneously. Freezing the dispersion

with 5 jC/h increased the amount of initially liberated

gentamicin to 35% as compared to 15% to 20% for

the non-processed microparticles whereas the original

release profile could be preserved by freezing with 20

jC/h (Fig. 12) [103]. The increase in the initial

liberation of gentamicin was due to longer exposure

of the microparticles to the acidic aqueous environ-

ment of the collagen dispersion. Additional investiga-

tions demonstrated a marked loss of gentamicin from

microparticles dispersed in the collagen gel at 4 and

22 jC (Fig. 13). At 40 jC, this loss was limited to

10% due to closing pores at a temperature above the

glass transition temperature as shown microscopically

[104]. Ethylene oxide as well as h- and g-irradiation

were tested for sterilization of the collagen/PLGA

microparticles composite. All methods resulted in a

decrease of molecular weight and glass transition

temperature of polymer raw material and micropar-

ticles [103,105]. In addition, ethylene oxide treatment

yielded aggregation of microparticles leading to a

substantial increase in the initially liberated gentami-

cin dose. Furthermore, chemical changes of gentami-

cin after ethylene oxide sterilization could be

identified using NMR spectroscopy. Despite of a

decrease in the molecular weight and glass transition

temperature after irradiation, neither morphological

changes of the composites nor changes regarding the
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Fig. 11. Overview (a) and SEMof cross section (b) of collagen sponge/PLGAmicroparticles composite (1% collagen dispersion, 22 jC suspension

temperature, 20 jC/h freezing rate) and (c) g-sterilized collagen sponge/PLGA microparticles composite (with permission from Ref. [103]).
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Fig. 13. Gentamicin loss from PLGA microparticles in acidic

environment pH 4.5 at 4–8 jC (5), 22 jC (o) and 40 jC (4)

during collagen sponge/PLGA microparticles composite preparation

(modified from Ref. [104]).
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gentamicin release profile from h- and g-sterilized

material were observed. Free radicals, which could

only be detected in gentamicin drug substance and at

marginal level in gentamicin-loaded microparticles,

disappeared within 4 weeks. Additional microbiolog-

ical testing verified the microbiological activity of

gentamicin liberated from h-sterilized collagen/PLGA

microparticles composites [104]. Storage at 4 jC/35%
r.h. for 3 months did not influence morphology,

molecular weight, glass transition temperature and

release profiles of microparticles and collagen/PLGA

microparticles composites. However, storing at 25 jC/
60% r.h. and 40 jC/75% r.h. yielded a marked

decrease of molecular weight and glass transition

temperature. This effect was due to a higher humidity,

water uptake into polymers and subsequent hydrolysis

of polymers and microparticles. Thus, the collagen

sponge/PLGA microparticles composite presents an

advancement in collagen carriers from antibiotics

which enables further delay of antibiotic release.

The results are encouraging and in vivo testing would

be desirable.

Besides these monolithic porous or non-porous

systems, collagen gels [106] as well as collagen

microparticulates have been described in the literature

[107,108]. Additionally, collagen-modified hyalur-
Fig. 12. Gentamicin release from collagen sponge/PLGA micro-

particles composites prepared from 1% collagen dispersion (22 jC/5
jC/h (n), 22 jC/20 jC (5), 40 jC/5 jC/h (.), 40 jC/20 jC/h (o));

additionally, original PLGA particles (���) and a composite which

contains an additional 0.75 mg gentamicin bolus per mg collagen

non-sterilized (���q���) and g-sterilized (���z���).
onan microparticles have been found useful as local

antibiotic carrier [109].
3. Future and perspectives

There is a growing interest in collagen as a drug

delivery vehicle. During the last 5 years, new develop-

ments enhancing mechanical and saving biological

performance of collagen have been made. It seems

that the near feature may be a renaissance period for

collagen, an excellent natural, fully biocompatible and

biodegradable drug carrier material. Depending on its

fibrillar and structural nativity, process-controlled

degradation time (e.g. by enzymatic pre-treatment

before reconstitution into fibers or by chemical

cross-linking to stabilize the final construct) colla-

gen-based products can assure a bright spectrum of

release kinetics. In products designed to have short

diffusion distance or having open porosity, immediate,

almost explosive drug release may be achieved. In

contrast, product designed to have long or multilayer

(multi-barrier) diffusion distance, having predomi-

nantly closed pores, or utilizing high amount of

collagen which results in long degradation time, can

achieve prolonged drug release. These technological

possibilities open a new perspective, especially in

creation of product utilizing antibacterial drug for

either prophylactic or therapeutic use.
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Currently, drug delivery systems containing only

a single antibiotic drug (gentamicin) are available on

the market. The next generation of collagen–drug

delivery system will be focused on both drug

combination and different release profiles which will

lead to better infection control. Moreover, together

with this development and better understanding of

benefits coming from local drug delivery, some new

collagen-based system may, in selected indications,

even replace current standard of systemic antibiotic

treatment.

It is important that clinical studies demonstrate the

optimum antibiotic delivery regime as a target. The

technical developments in collagen processing as well

as combination of collagen with other materials

should allow to specifically tailor the release rate to

the desired kinetic for local delivery.
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möglichkeiten in der Chirurgie, Verlag Schattauer, Stuttgart,

1989, pp. 33–40.

[14] H.J.T. Rutten, P.H.A. Nijhuis, Prevention of wound infection

in elective colorectal surgery by local application of a gen-

tamicin-containing collagen sponge, Eur. J. Surg. 163 (S578)

(1997) 31–35.

[15] V. Iannuccelli, G. Coppi, M. Bondi, M. Pinelli, A. Mingione,

R. Cameroni, Biodegradable intraoperative system for bone

infection treatment: II. In vivo evaluation, Int. J. Pharm. 143

(2) (1996) 187–194.

[16] A. Stemberger, H. Grimm, F. Bader, H.D. Rahn, R. Ascherl,

Local treatment of bone and soft tissue infections with the

collagen–gentamicin sponge, Eur. J. Surg. 163 (S578) (1997)

17–26.

[17] R.W. Lindsey, R. Probe, T. Miclau, J.W. Alexander, S.M.

Perren, The effects of antibiotic-impregnated autogeneic can-

cellous bone graft on bone healing, Clin. Orthop. Relat. Res.

291 (1993) 303–312.

[18] C.L. Nelson, S.G. McLaren, R.A. Skinner, M.S. Smeltzer,

T.J. Roby, K.M. Olsen, The treatment of experimental osteo-

myelitis by surgical debridement and the implantation of

calcium sulfate tobramycin pellets, J. Orthop. Res. 20 (4)

(2002) 643–647.

[19] K.J. Hendricks, D. Lane, T.A. Burd, K.J. Lowry, D. Day,

J.G. Phaup, J.O. Anglen, Elution characteristics of tobramy-

cin from polycaprolactone in a rabbit model, Clin. Orthop.

Relat. Res. 392 (2001) 418–426.

[20] A. Gonzalez Della Valle, M. Bostrom, B. Brause, C. Harney,

E.A. Salvati, Effective bactericidal activity of tobramycin

and vancomycin eluted from acrylic bone cement, Acta Or-

thop. Scand. 72 (3) (2001) 237–240.

[21] S. Galandiuk, W.R. Wrightson, S. Young, S. Myers, H.C.

Polk Jr., Absorbable, delayed-release antibiotic beads re-

duce surgical wound infection, Am. Surg. 63 (9) (1997)

831–835.

[22] M.P. Singh, R. Brady Jr., W. Drohan, M.J. MacPhee, Sus-

tained release of antibiotics from fibrin sealant, in: D.H.

Sierra, R. Saltz (Eds.), Surgical Adhesives and Sealants,

Technomic Publ., Lancaster, 1996, pp. 121–133.

[23] I. Yenice, S. Calis, H.S. Kas, M. Ozalp, M. Ekizoglu, A.A.

Hincal, Biodegradable implantable teicoplanin beads for the

treatment of bone infections, Int. J. Pharm. 242 (1–2) (2002)

271–275.

[24] M.F. Yagmurlu, F. Korkusuz, I. Gursel, P. Korkusuz, U. Ors,

V. Hasirci, Sulbactam-cefoperazone polyhydroxybutyrate–

co-hydroxyvalerate (PHBV) local antibiotic delivery system:

in vivo effectiveness and biocompatibility in the treatment of

implant-related experimental osteomyelitis, J. Biomed. Ma-

ter. Res. 46 (4) (1999) 494–503.

[25] M.A. Sande, G.L. Mandell, Antimicrobial agents; the amino-

glycosides, in: A. Goodman Gilman, T.W. Rall, A.S. Nies, P.

Taylor (Eds.), Goodman and Gilman’s—The Pharmacologi-



ARTICLE IN PRESS
Z. Ruszczak, W. Friess / Advanced Drug Delivery Reviews xx (2003) xxx–xxx18
cal Basis of Therapeutics, Pergamon, New York, USA, 1990,

pp. 1098–1116.

[26] R. Okachi, T. Nara, The aminoglycosides: properties, biosyn-

thesis, and fermentation, in: E.J. Vandamme (Ed.), Biotech-

nology of Industrial Antibiotics, Marcel Dekker, New York,

USA, 1984, pp. 329–365.

[27] B.E. Rosenkrantz, J.R. Greco, J.G. Hoogerheide, E.M. Oden,

Gentamicin, Anal. Profiles Drug Subts. 9 (1980) 295–340.

[28] H. Lorentzen, F. Kallehave, H.J. Kolmos, U. Knigge, J. Bü-
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